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CLXXIX, RESEARCHES ON THE 
PHOSPHATASES. 

III. ON THE MECHANISM OF THE INACTIVATING 
ACTION OF SODIUM OXALATE AND OF PHOS- 
PHATES ON THE ^ ‘ALKALINE PHOSPHATASES 
OF ANIMAL TISSUE. 

By SERAFfNO BELFANTl, AN(JEL() CONTAIIDI 
ATsii) ALBERTO ElUJOJJ. 

From the Isiituto Sierotfrapico — Eegio Lsfituio Sieperiore, 

Aijrnrio, MUan, 

{Received March 7th, 1936.) 

Tn our lirst r(‘])ort [lidfanti (t al , 1035, ]J wc (l(‘alt with th(‘ fact that, iii many 
(‘xtracts of aiiiinal organs, the (‘xisteiicc luay he uoted of a second ‘^>])tiinum 
ot ])]iosphatas(‘ aidivity in an acid niedimn besides that ojitinnnn (which has 
h(‘eu known for a lon^ tiling wdiich exists in an alkaline nu^dmniL 

Without prejud^nnj^^ the (juestion as to wdiethcr 1h(‘ phenoniciion is diit* to 
differiaitiation h(‘twe(Mi tlu' active groups of the (‘iizynK's thenisclv'C's or to a 
<h\t‘rsity of I’olloidai carrhas, w(‘ adopt(‘fl, for the sake of ^r(‘at(‘r el(‘arn(‘ss, th(‘ 
tia'ins a(*id“ ])}iosphatas(’s atal alkaline pliosphatascns and wi‘ studied tlie diftei’f'nt 
(dlects exercised by seviaal inhibitory a^i'iits on thesi* two forms ofjihospho- 
(^st erase activity. 

in th(‘ prcsiait work, we liavc devoti'd our atUaition exclusividy to tin* study 
of 1h(* efha t of sodium oxalate on the alkaline phosphatas(‘s in order to d(‘cide 
wlu‘ther or not the alkaline phospliaiascs of vai ious orijj^ins studied uj) to th(‘ 
present may b(‘ consider(‘d as id(‘ntu*,al, and to lind an ex|>lanation for si'veral 
divi'i'gencies observed Ixdweiai th(‘ (‘Xperiimaital data oblaiut^d by us and by 
Munemura [1933]. 

ThK ACTIO?^ of SODUJM oxalate ox the AOTIVITV OF THE ALKALINE 
THOSPHATASES OF LIVEK AND BONE EXTRACTS. 

Th(‘ methods emjiloyed wero the same as those' pn'viously described 
[Belfanti et al., 1935, 1, 2]. 

Tlu^ extract of liv(*r was jirc'pared as ])revioiisly described. Th(' (*xtract of 
bone was obtained from the tibiae and femora of an adult rabbit: the bones 

^ The following ishoiild be added to the rrferenres cited in our first n'porl: Baniann and 
lliedel 11934]. 

^ Until recently, the Japanese authors of Akamatsu’s school divided the phosphatases into 
phosphomonot'sterasea, phoKfibodiesterases, pyrophosphatases and phosphuaniidases and churned 
to have demonstrated the specificity of the several enzym<;s. As the w hole of our experiments wore 
made with sodium j3*gly(*CTophoaphate as substrate, the onzymevS studied by us should be ealled, 
according to the terminology of the Jajianese authors, phospliomonoesterases. 1 low e\ or, in a reeen i 
work by Hotta [1934] it is shown that the epocificity of the phosphatases is not determiiu‘d only 
by the nature of the bond w'hich unites phosphoric acid to the alcoholic residue but also by the 
chemical nature of the alcoholic residue itself. Until such time as the question is settled, w<‘ 
prefer to retain the generic denomination of phosphatases. 
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were fniod from the marrow and separate extracts were made of the epiphyses 
and rnetaphyses. The phosphatase activity of both extracts was slightly less 
than that of the corresponding extracts prepared by ns for the experiments 
described in our first paper. 

Figs. 1 and 2 show the hydrolysis caused by one and the same extract of 
rabbit liver at different values and at differemt times in the presence and 
absenc(i of iZ/fiO sodium oxalate respectively. 



Fig. 1 . TIk* hydrolyisis of /3'glyocro|jhosphate in the absence of added oxalate at different pjj 

valiiew by raljbit liver extracts, Hydrolysis in presence of voronal-acetate buffer; 

hydrolysis in presence of glycine buffer. 

Fig. 2. The hydrolysis of j9-glyccropliosphate in the presence of added ilf/50 oxalate at different 

Ph values by rabbit liver extracts. Hydrolysis in presence of veronal-acetate buffer;^ 

hydrolysis in presence of glycine buffer. 

Whilst the curve's in Fig. 1 (in the absence of oxalate) show a fairly regular 
course, those of Fig. 2 (in the presence of oxalate) show a curious phenomenon: 
at first (from thf3 beginning up to the 3rd hour), the phosphatase activity is 
seen to bo considerably inhibited as compared with the activity developed in 
the absence of oxalate; later (from the 3rd to the 6th hour) the inhibitory 
action of the oxalate is no longer manifest and moreover at certain values 
the rate of hydrolysis in the presence of sodium oxalate is higher than in its 
absence. StiU later (from the 6th to the 14th hour) the rate of hydrolysis is equal 
to that observed in the absence of sodium oxalate. 

The hone extracts, as may be seen in Fig. 3 (hydrolysis in the absence of 
oxalate) and Pig. 4 (hydrolysis in the presence of if /50 oxalate), do not show 
this phenomenon: in the presence of sodium oxalate the rate of hydrolysis 
decreases more rapidly than in its absence. 

In Figs. 1, 2, 3 and 4 it may be seen from the course of the curves in presence 
of glycine bufier, that in the case of liver extracts the use of glycine buffer leads 
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to an hydrolysis which is slightly less than that which may bo obtained at the 
same value when using veronal buffer both in the presence and in the absence 
of sodium oxalate. On the other hand, in the case of bone extracts, the use of 
glycine buffer in both cases leads to a much higher hydrolysis. 



Fig. 3. The hydrolysis of jS- glycerophosphate in tho absence of oxalate at different 'pji values by 
rabbit bono extracts. Hydrolysis in presence of vcronal-acotato buffer; hydro- 

lysis in presence of glycine buffer. 

Fig. 4. The hydrolysis of j8-glycerophosphate in the presence of added Jf/50 oxalate at different 

Pu values by rabbit bone extracts. Hydrolysis in presence} of veronal-acetate buffer; 

hydrolysis in presence of glycine buffer. 


The kinetics of the alkaline phosphatases of liver and bone 
in the absence and in the presence of sodium oxalate, 

Martland and Robison [1927] studied the course of the hydrolysis of sodium 
glycerophosphate by bone phosphatase in the absence and in the presence of 
inorganic phosphates. They found that, even without the addition of phosphates, 
the values of the velocity constant, calculated according to the equation of 
unimolecular reactions, decreased more rapidly than could be accounted for by 
the thermal inactivation of the enasyme; they advanced the hypothesis that this 
phenomenon was due to the process of resynthesis between phosphoric acid 
and glycerol. They demonstrated the retarding influence of phosphates on the 
enzymic hydrolysis of glycerophosphate; but, working with phosphate and 
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glycerol in the concentrations employed in the previous experiments, they did 
not succeed in demonstrating the possibility of a res 5 mthe 8 is. 

Erdtman [1927], using an enzymic preparation of hog kidney, also found 
that the values of the velocity constant, in the absence of activating agents, 
rapidly decreased. He attributed this fact, at least in part, to a destruction of 
the enzyme and to an inactivating action of the products of hydrolysis. 



Fig. 5. The hyclrolysiH of jS glyi-erophosphato in tlwi pi*esenco and abBcnco of added oxalate by 

rabbit liver extracts. # • Hydrolysis in abHcnec of added oxalatcd: • • hydrolysis 

ill presence of added oxalate. 


fig. 6. The hydrolysis of ^-glycerophosphate in the presence and absence of added oxalate by 

rabbit bone extracts. • • Hydrolysis in absence of added oxalate; • • hydrolysis 

in presence of added oxalate. 

Under the experimtmtal conditions habitually adopted by us, we also have 
found that th(»re is a rapid fall in the values of the velocity constant. However, 
in agreement with the observations of Nemec [1923] when studying the action 
of soya beans on glycerophosphate,. Sohiitz’s law was approximately followed 
(naturally in the absence of sodium oxalate) with the alkaline phosphatases of 
both liver and bone. 

In Tables I (liver) and II (bone) we give the values of log and of 

t Ctf iXf 

^ hydrolysis at 37® of sodium j3-glycerophosphate, concen- 
tration about j^/100, in a glycine buiBFer in the absence of sodium oxalate, and 
the corresponding k' and ki values under the same conditions but in the 
presence of sodium oxalate. 

Table I (liver extract) shows that the values of which at the beginning 
are very small, tend with time to equal the corresponding k values and that, 
while the k^ values remain constant, those of ifc/ increase greatly at the be- 
ginning and then decrease slowly. In Table II (bone extract), on the other hand, 
the values of both k' and k^ show a progressive and marked decrease with time 
as compared with the corresponding values of k and 
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Table I. Hydrolysis of sodium ^-glycerophosphate. 0-009344 M by the 
alkaline phosphatase of liver in glycine buffer. 

10 ml. of extract in 60 ml. of total solution. 


In absence of sodium oxalate In presence of if/50 sodium oxalate 

p„=-8*89 /j„=8-90 



1* hydro- 



P hydro- 



Time 

lysed 

% 

- 1 1 a 



t a -- .r 


lysed 

*o/ 

/(> 



hours 



"Vi 

3 

7-80 

0-0118 

0-0130 

3-69 

0-0055 

0-0062 

6 

12-33 

0-0095 

0-0146 

11-71 

()0(>90 

0-01.39 

9 

14-36 

0-0075 

0-0138 

13-16 

0-0068 

0-0127 

14 

18-99 

0-0004 

0-0147 

15-92 

0-00.54 

0-0124 


Table II. Hydrolysis of sodium, ^-glycerophosphate 0^009S44 M by the 
alkaline phosphatase of bone, in glycine buffer, 

10 ml. of extract in 50 ml. of total solution. 


Tn absence of sodium oxalate In presence of if/fiO sodium oxalate 




i)„-8-92 



Ph=8-90 



P hydro- 

h — i log - 
/ a-x 


P hydro- 

k ~ - log 

t a - X 


Time 

hours 

lysed 

/o 

k — ^ 

lysed 

O' 

/o 

k' 

2 

12-12 

00280 

0-0248 

7 39 

O-OJll 

00151 

4 

18-44 

0-0222 

0-0267 

9-25 

0-0070 

0-0134 


26-90 

0-0173 

00267 

11-67 

0-0063 

00116 

14 

33-25 

0-0125 

0-0257 

13-91 

0-0046 

0-0107 


From this it is concluded that the alkaline phosphatase of liver and that of 
bone differ, in the presence of oxalate, entirely in their kinetic behaviour, whilst 
the simple examination of the kinetic behaviour of the two extracts in the 
absence of inhibitory agents might have led one erroneously to conclude in 
favour of the identity of the two phosphatases. 

On increasing the (ioucentration of the substrate, the values of the hydrolysis 
effected by the phosphatases of liver and of bone no longer conform (even in 
the absence of sodium oxalate) to Schutz’s law. Tn Table III are given the 
values of relative to the hydrolysis of sodium ^-glycerophosphate, in con- 
centrations 5 and 10 times that of the previous experiments, for the alkaline 
phosphatase of the liver and that of bone. In the latter case, there is a decrease 
in the values of k^ which is even more sharply marked. 


Table III. Hydrolysis of sodium ^-glycerophosphate in varying concentrations 
by the alkaline phosphatases of liver and of bone in glycine buffer, 

10 ml, of extract in 60 ml. of total solution. 


Extract of rabbit liver values of 


Extract of rabbit bone values of 


Glycerophosphate G ly cerophosphate 


Time 

hours 

MI20 

MjlO 

if/20 

M/IO 

i 

0-0236 

0*0286 

0-0137 

0-0193 

1 

0*0221 

0*0234 

0-0127 

0-0164 

2 

0*0204 

0*0260 

0-0112 

0-0135 

3 

0*0224 

0*0243 

0-0114 

0*0132 
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In all probability, by suitably decreasing the concentration of the substrate, 
the inve^rse effect may be obtained and therefore also a greater constancy of the 
k values. 

The attempts made to establish to which of the two types of inactivation 
described by Michaelis and Rona [1914] that exercised by sodium oxalate on 
the alkaline phosphatases belongs, i,e. whether the inactivation is due to an 
afiinity of the enzyme to the inactivating agent or to an alteration of the 
‘‘nature of the solvent”, did not lead to conclusive results either in the case 
of the alkaline phosphatase of the liver or that of bone. 

Action of sodium oxalate on the alkaline phosphatase of liver with various concen- 
trations of substrate. Influence, of the addition of inorganic phosphMes on 
the hydrolysis of glycerophosphate in the presence of sodium, oxalate. 

In order to explain the strange behaviour of the alkaline phosphatase of 
liver (and, as wc shall aeo later, of kidney) in the presence of sodium oxalate 
wherein at the beginning there is a strongly marked fall in the hydrolysing 
power and immediately afterwards the phosphatase activity recovers as if the 
oxalate were no longer present, two hypotheses could bo advanced: (1) that in 
the extracts of such organs there exist enzymes which art^ capable of demolishing 
the oxalate ions; (2) that the reactivating action is due to the products of 
hydrolysis themselves, that is to say, to phosphoric acid and glycerol. 

Determinations of oxalic acid carried out in the course of the hydrolysis led 
us to discard the first hypothesis. On the other hand, examination of the course 
of th(* hydrolysis in the presence! of sodium oxalate at varying concentrations 
of substrate brought important evidence in support of the second hypoth('sis. 

The previous experiments were carried out with solutions of about 3// 100 
sodium glycerophosphate (see Table I); wo then experimented with concen- 
trations of glyc€irophosphatc of 5 and 10 times that strength and the results 
are shown in Table IV. 

Table [V. Influence of sodium oxalate on the alkaline jthosphatase of liver 
vnth high degrees of concentration of substrate. 

Liver extract 10 ml. in 50 ml. of total solution. Olycine buffer. 
Olycorophosphate 0*04072 if Olyoerophosphate 0*0934431 

Without oxalate AVith oxalate Mj5t.) Without oxalate With oxalate 3//50 
/;jy 9*30 9*36 9*30 j)h 9*2 1 


Time 

P hydrolysed 

P hydrolysed 

P hydrolysed 

P hydrolysed 

^ 

^ 

A 

— ^ 

^ 

^ 

f ' ' -r " ■ 

mins. 

mg. 

O' 

,o 

mg. 

O/' 

/o 

mg. 

0/ 

o 

ing. % 

30 

0*0107 

M5 

0*0084 

0*58 

0*0202 

0*70 

0*0047 0*16 

60 

0*0221 

1*53 

0*0089 

0*61 

0*0234 

0*81 

0*0056 0*19 

120 

0*0280 

2*00 

0*0264 

i*82 

0*0354 

1*22 

0*0345 1*19 

180 

0*0.386 

2*07 

0*0344 

2*38 

0*0422 

1*46 

0*0381 1*33 


The hypothesis that an enzyme capable of destroying the oxalate ions is to 
be found in liver extracts was once again shown to be inaccurate by the experi- 
ments made with varying concentrations of substrate. If this were the case, 
seeing that the quantity of enzymic solution and that of the sodium oxalate 
used were always the same, the inactivating action of the oxalate should have 
disappeared in equal times in all cases. Tables I and IV show instead that this 
period varies from 6 hours to 60 minutes. 

Moreover, on comparing the data of Table I (concentration of the substrate 
about J//100) With those of Table IV (concentration of the substrate about 
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if/20 and if/ 10), it will be seen that the inactivating action of the sodium 
oxalate may be considered as having ceased when the hydrolysis of the sub- 
strate has reached percentages of 12, 2 and 1*20 respectively; that is to say, 
when the phosphorus freed corresponds roughly in ail three cases to 0*03 mg. 
per ml. 

The phenomenon of the disappearance of the inactivating action of the 
oxalate does not therefore depend on the percentage of hydrolysis of th(i sub- 
strate, but corresponds to the freeing of a certain quantity of inorganic phos- 
phorus (or of glycerol), which, for a given enzymic solution used in the same 
proportions at all times, must be considered as being pracjtically constant. 

This quantity of inorganics phosphorus varies directly with the activity of 
the enzyme and therefore with the “mass’’ of the enzyme itself. 

Table V shows the results obtained when tlie (‘oncentration of the substrate 
is maintained constant but the quantity of enzymic solution is varied. 

' The extract of rabbit liver used in this (‘xperiment as well as in the succeeding 
one was diffenmt from that used in the previous exp(‘rim(ints and was a little 
less active; consi'quc'iitly the values in Table V and Fig. 7 are not com palpable, 
numerically, with the* previous ones. 

It will be seen, from Table V, that on using K^nl. of Uvct extract the 
inhibitor}^ action of thc' oxalate disappears aftcT from 0*0234 to 0*0292 mg. of P 
per ml. has separated in the corr(‘Sf)onding test without oxalate*. On using 20 ml. 
of extract the disappearance of the* inhibitory action of the oxalate occurs when 
from 0*0357 to 0*0414 mg. of Pis freed in the corresponding tost without oxalate. 

Table*. V. Hydrolysis of ^•glycerophospluiUi in the presence of sodium oxalate 
by various quantities of rabbit liver extract. 

Glycerophosphate 0*00344 .1/. (Uyeino buffer. 

10 ml. of liver extract m 50 ml. 20 ml. of liver extract in 50 ml. 

of total solution of total solution 



With oxalate 

Without 

VV'^ith oxalate 

Without 


J//50 

oxalate 

Jf/50 

oxalate 

Time 

9 38 

9*30 

/'H »-2l 

Pit 9*25 

mins. 


mg. 

r hydrolysed per ml. 


30 

0(M)45 

0*0165 

0*0030 

0*0232 

60 

0*0048 

^ 0*0202 

0*004(» 

0*0300 

00 

0*0094 

0*(>234 

0*0045 

0*0357 

120 

0*0295 

0*0292 

0*0461 

0*0414 

180 

0*0343 

0*0348 

0*0585 

0*0582 

240 

0*0396 

0*0408 

0*0686 

0*0600 


The proof that the disappearance of the inhibitory action of sodium oxalate 
is due to the inorganic phosphate set free during the hydrolysis is given by the 
experiment illustrated in Fig. 7. 

The four parallel tests were made simultaneously with the same quantity of 
rabbit liver extract and under the same cjonditions of concentration of the 
substrate and of acidity. 

Curve A represents the hydrolysis of the glycerophosphate in the presence 
of sodium oxalate Af/SO and of disodium hydrogen phosphate added to the 
extent of 0*03 mg. of P per ml. and, as may be seen, it no longer shows the 
characteristic course of inactivation with oxalate (c/. Fig. 2). Ciu’ve B represents 
hydrolysis in presence of the same quantity of inorganic phosphate but in the 
absence of sodium oxalate. 

The two curves practically coincide, curve A showing a course which is 
parallel with and only slightly below that of curve B. This means that in 
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the presence of a suitable quantity of inorganic phosphate the action of sodium 
oxalate on the alkaline phosphatase of liver is practically nil. Curves C and D 
represent the hydrolysis without the addition of inorganic phosphate but in 
the presence and absence respectively of sodium oxalate. It will be noted 



Fig, 7. Tlio hydrolysis of ^-glycerophosphate (0‘09344 M) in the presence and absence of 
added oxalate and phosphate by a rabbit liver extract (gly(*ine buffer). 

(Mrve A o O Hydrolysis in presence of added M/50 oxalate and in prcs<;ncc of added 

JIf/ 1000 sodium phosphate; i?0 0 hydrolysis in absence of added oxalate and in presence 

of a<lded i ¥/1000 sodium phosphate; Cx x hydrolysis in presence of added J //50 

oxalate and in absence of added sodium phosphate; 7) x x hydrolysis in absence of added 

oxalate and in absence of added sodium phosphate. 

that curve C keeps at a much lower level, for the first 90 minutes, than that 
of A and B. This means that in the absence of inorganic phosphates the 
sodium oxalate fully develops its inliibitory* activity and then, in the space of 
30 minutes, curve C rapidly rises until it n^aches and almost merges into curve D 
which runs parallel with the two curves A and B but at a higher level. The 
differen(3e between the various points of curve D and the corresponding points 
of curve B rc'presents the inhibition exercised on the normal hydrolysis of the 
glycerophosphate, in the absence of other inactivating agents, by the addition 
of an excess of inorganic phosphate. It is natural therefore that in the test 
represented by curve (7, in which this addition was not made, after a certain 
time the curve itself merges into curve D and not, for example, into curve A. 

It is obvious that the points marked “ © in Fig. 7 represent the values of 
inorganic P determined in tests A and B less the inorganic phosphate previously 
added (0*03 mg. per ml.). 

Influence of sodium oxalate on the alkaline phosphatase activity 
of extracts of hog kidney. 

As the statements of Munemura [1933] regarding the influence of sodium 
oxalate on Type III phosphomonoesterase were made as the result of experi- 
ments with an extract of hog kidney, we prepared an extract of hog kidney by 
following exactly, as Munemura did, Asakawa’s prescriptions [1928]. 

Moreover, a part of this extract was treated with MgCQ^ and sodium acetate 
according to the method described by Kurata [1931] in brder to separate the 
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alkaline phosphatase of the kidney from the acid phosphatase. Several experi- 
ments were made in parallel and the two extracts, that prepared according to 
Asakawa’s method and that further purified according to Kurata’s method 
were compared. 

Exp. 1. Date: November 19th, 1934. Glycine buffer. 

Extract of hog kidney according to Aaakawa 

Without oxalate 8*45 1* hydrolysed after SJ hours 0 1000 mg. 

With oxalate M/50 pjj 8*67 „ „ 0*01154 mg. 

Extract of hog kidney according to Kurata 

Without oxalate 7 )^ 1* hydrolysed after oj hours 0*102:1 mg. 

With oxalate M/50 Pfj 8*61 „ „ 0*03(>0 mg. 

It will be seen that not even the alkaline phosphatase of hog kidney is 
wholly inactivated by the sodium oxalate. 

We would also point out that the extract prepared according to Kurata had 
not completely lost the acid phosphatase; in fact, on testing the phosphatase 
activity of this extract on ^-glycerophosphate in an acid medium, we obtained 
the following results : 

Extract of kidney according 
to Kurata (veronal buffer) 

Extract of kidney aeeor<ling 
to Asakawa (veronal buffer) 

In the proei^ss of separating the alkaline from the acid phosphatase, Kurata 
kept the enzyme in the presence of magnesium carbonate in an alkaline 
medium at 37° for 1 hour. In our previous paper we showed that keeping an 
alkaline phosphatase at 37° in an acid medium, without any other addition, 
caust^d a marked inactivation of the phosphatase. Contardi and Ercoli [1933] 
have shown that ke(‘ping an acid phosphatase (from rice husks) in an alkaline 
medium causes an inactivation of that phosphatase ; so much so in fact that 
when preparing enzymic extracts from rice husk dephosphorylated vdth barium 
hydroxide it is necessary to limit exposure in the alkaline medium to the shortest 
possible time. 

Wo believe therefore that the mechanism of the separation of the two phos- 
phatases, acid and alkaline, according to Kurata’s method, is not exclusively 
that of adsory)tion by the magnesium carbonate or the aluminium hydroxide 
respectively, but that it ('onsista, above all, of an inactivation due to the effect 
of a p^f which is unsuitable for the conservation of the enzyme. The recent 
work of Bamann, Biedel and Diederichs [1934] and of Bamann and Diederichs 
[1934], who separated the two types of enzymes by keeping the phosphatases 
themselves in an acid or an alkaline medium for a suitable time confirms 
this interpretation. 

Exp, 2, Date: November 22nd, 1934. Glycine buffer. 

Extract of hog kidney according to Asakawa. 

mg. of P hydrolysed per ml. after 



Pb 


34 


n 

12 hours 

Without oxalate 

8*70 

0*0892 

oiee? 

0*2202 

0*2275 

0*2342 

With oxalate M/50 

8*55 

0*0333 

0-0721 

0*1935 

0*2090 

0*2:108 


The sodium oxalate first slows down the speed of hydrolysis to a marked 
degree. Later on, however, the enzyme recovers its activity as though the 
inhibiting agent were no longer present. 


Pii 4*75 P hydrolysed after 5\ hours 0*0310 mg. 
Pii 4*72 „ „ 0*0702 mg. 
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This experiment again confirms what we said regarding the experiments 
summarised in Table V, that on increasing the quantity of enzyme, the quantity 
of inorganic phosphate to be set free l^fore the inactivating action of the 
oxalate disappears also increases. In the present case that quantity is very 
large, corresponding with the activity of the extract. 

Moreover, the phosphatase activity of this extract, which in the meantime 
had been kept in the ic<^ chest at pn 7*0, had undergone a notable increase as 
compared with that displayed in the previous experiment^. 

Exp. 3. Date: November 26th, 1934. 

The results given in Table VI show that similarly io what occurs with rabbit 
liver extracts but not with bone extracts (Figs. 1, 2, 3, 4), hydrolysis in the 
presence of glycine buffer is a little less rapid than in the presence of veronal 
buffer. It seems moreover that the inljibitory influence of sodium oxalate is 
greater in the presence of glycine buffer than in that of veronal buffer. 

Table VI. Influence of glycine buffer as compared with veroiml buffer on the 
phosphatase activity of kidney extracts in the. presertce and in the absence of 
sodium oxalate. 

Extract of hog kidney prepared according to Awakawa’s method. 


Time 

Witliout 

oxalate 

A'cronal buffer 

Oxalate 

Mjoi) 

Pvi 

mg. P hydrolysed. 

Without 

oxalate 

Glycine buffer 

Oxalate 

MlCii) 


hours 

Ph 8-75 

Difference 

2hi 

Pn 

Bifforcnce 

1 

0*1764 

0*1519 

0*0245 

0*1538 

0*1200 

0*03:18 


0*2189 

0*1987 

0*0202 

0*2189 

0*1666 

0*0523 

8 

0*2400 

0*2222 

0*0178 

0*2362 

0*2069 

0*0293 


The phosphatase activity of the hog kidney extract during the interval 
between the second and the third experiments (7 days) was again increased to a 
most marked degree. 

Exp. 4. Date: November 28th, 1934. 

In all the experiments on hog kidney extract described so far the final con- 
centration of sodium glycerophosphate was about ilf/100. Munemura instead 
worked with a ilf/500 sodium glycerophosphate. A test made with a concen- 
tration of substrate equal to that used by the Japanese author did not confirm 
his (Table VII) results. 

Table VII. Influence of sodium oxalate on the alkaline phosphatase 
of hog kidney with Mj500 glycerophosphate. 

Extract of hog kidney (the same as that used in the previous experiments but diluted from 1 to 4). 
Sodium glycerophosphate ilf/500. Glycine buffer, mg. 1* hydrolysed. 





Pt,8-70 

Pll 

Pn ^-31 

Without oxalate 

After 1 hour 

0 0320 

00461 

0*0453 

0*0453 


After 2 J hours 

0-0444 

0-0502 

0*0508 

0*0500 



Ph 8-20 

Ph 8-82 

Ph 0-07 

Ph 9*40 

With oxalate Mj50 

’ After 1 hour 

00139 

0-0250 

0*0266 

0*0247 

After 2J hours 

0 0222 

0-0282 

0*0306 

0*0315 


1 A similar case was recently observed by Bamann, Riedel and Biedorichs [1934] for a liver 
extracjt. Bodansky [1932] also found an increase of about 1,0,% in the original phosphatase 
activity of serum after preservation for 24 hours in the ice-chest. A similar activation of 
phosphatase was observed by Euler and Ohls^n [1911]. 
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Influence of the addition of inorganic phosphates on the hydrolysis of glycero- 
phosphate in the presence of sodium oxalate by bone phosphatase. 

Fig. 8 represents an experiment carried out in the same way as that 
described in Fig. 7 but with an extract of bone of young rabbit. 



Fig. 8. The hydrolysis of j9-glyocrophosphate (0*09344 M) by a rabbit bone extrai^t in 
the prcsonoii and absence of added oxalate and phosphate. 

Curve Ao O Hydrolysis in presence of added Jf/oO oxalate and in presence of added 

Ji/1(K)0 sodium phosphate; Jio O hydrolysis in absence of added oxalate and in 

presence of added 4f/l000 sodium phosj)hate; C x — x hydrolysis in presence of added 

uH 1 50 oxalate and in aliscmce of added sodium phosphate; /> x - - - - x hydrolysis in absence 
of added oxalate an^ in absence of added sodiuiu phosphate. 

In the presence of sodium phosphate added simultaneously with the oxalate, 
the behaviour is analogous to that of thci alkaline phosphatase of thi' liver. 

Influence on the^ bone phosphatase of time of contact between enzymic solution and 
sodium oxalate before the reactivation with inorganic phosphate. 

In order to demonstrate that the oxalate tends permanently to inactivate 
the bone phosphatase, we placed in three 50 ml. flavsks: 



1 

IT 

III 


ml. 

ml. 

ml. 

Glycine M/IO 

14 

14 

14 

NaOH N/iO 

0 

6 

6 

Sodium oxalate JS//5 

5 

5 

5 

Disodium hydrogen phosphate Jf/20 

1 

— 

— 

Bone extract 

10 

JO 

10 

3 hours* digestion at 37® we added: 

Disodium hydrogen phosphate Jlf/20 

Sodium glycerophosphate 10 % (anhydrous salt) 

— 

1 


10 

10 

10 
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The contents of the flasks were brought to the mark with distilled water and 
they were then placed in the thermostat in order to proceed in the usual 
manner* to determine the phosphatase activity. The results, corrected for the 
quantity of phosphorus added in the form of sodium phosphate, are given in 
Table VIIT. 


Table VIII. 


I II III 


Time 

The oxalate acted for 

3 hours at 37° in the 
presence of added 

The oxalate acted for 
3 hours at 37° in the 
absence of inorganic 
phosphate, which was 
added only after 

In the presence of 
oxalate but without 
any addition whatsoever 
of inorganic 
phosphate 

mins. 

inorganic phosphate 

the third hour 

30 

00211 

0*0178 

0*0078 

45 

0*0207 

0*0202 

0*0091 

00 

0*0308 

0*0239 

0*0290 

90 

0*0414 

0*0315 

0*0308 

120 

0*0489 

0*03G() 

0*0400 

180 

0*0557 

0*0410 

0*0494 


In the absence of added sodium phosphate the oxalate tends permanently 
to inactivate the bone phosphatase as time proceeds. 


Discussion. 

In our previous work we arrived at the conclusion that aqueous extracts of 
liver and kidney contain a system of phosphatase enzymes which is different 
from that of bone extracts and of blood serum. Among the differences en- 
countered was the behaviour in presence of sodium oxalate of the alkaline 
phosphatase of bone and of serum as compared with that of th(' alkaline phos- 
phatase of liver and of kidnt?y. In the present work we have carried the study 
of this behaviour as regards the oxalate ions further and have also arrived 
at interesting conclusions regarding the general mechanism of phosphatase 
scission. 

Jacobsen [1932], from the work of Martland and Robison [1927] and of 
Erdtman [1927 ; 1928] and above all from the results of his own accurate work 
on the inhibitory action of inorganic phosphates on kidney phosphatase, deduces 
that in a phosphatase 4- glycerophosphate system an enzyme-phosphate complex 
must be formed in addition to the enzyme-substrate complex. The enzyme- 
phosphate complex, generatfxl by the phosphates freed during the course of the 
hydrolysis, is, according to Jacobsen himsejf, inactive. We however demon- 
strate that this enzyme-phosphate complex has a hydrolytic action on glycero- 
phosphoric acid. 

In the experiments described in Tables I, IV and V hydrolysis in the absence 
of oxalate occurs, at the very beginning of the reaction, according to the now 
universally accepted general scheme of enzymic actions : 

Enzyme -f substrate -h- enzyme-subsrtrate. 

Enzyme-substrate enzyme -f glycerol + phosphate. 

From the tables in question, it may be seen that, in the presence of sodium 
oxalate, the phosphate freed by the alkaline phosphatase of liver at the beginning 
of the reaction (0*0055, 0*0084, 0*0047, 0*0045, 0*0038 mg. e^c.) is much less 
than that fipeed contemporaneously in comparative tests in absence of oxalate 
(respectively 0*0226, 0*0107, 0*0202, 0*0165, 0*0232 mg.). If this fact is inter- 
preted in the sense that the enzyme, besides having ^nity for the substrate 
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has also affinity for sodium oxalate, we must deduce from these data that the 
division of the enzyme between substrate and oxalate occurs predominantly in 
favour of the latter, that is to say, in the formation of the two complexes, the 
first active, the second inactive 

Enzyme-substrate enzyme-oxalate, 

the balance is clearly displaced from left to right. 

As soon as a small quantity of inorganic phosphate has boon freed, we 
must admit with Jacobsen [1932] the formation of the new (jornplex, enzyme- 
phosphate, in equilibrium with the previous ones. 

Now, in Fig. 7, we have seen that in the presence of sodium phosphate, 
previously added in suitabl(3 quantity, the hydrolysis occurs as if the oxalate 
were no longer present (curves A and B), that is to say, the inorganic phosphate 
impedes the formation of the inactive enzyme-oxalate complex. 

This antagonistic action of the phosphate can only bo (^xplaimjd by admitting 
that tlie enzyme may combine not only with th(3 substrate, but also through a 
second bond, with other electrolytes. When oxalate unites with the enzyme, 
there results such a modification in the properties of the enzyme itself that the 
enzyme -oxalate complex thus formed can no longer bo bound to the substrate 
and is therefore inactive ; when instead the phosphate is so bound, the enzyme 
conserves its property of uniting itself with the other bond to the substrate 
and of hydndysing it. 

The fact tJxat, as in our cas(% the inactive enzyme -oxalate complex cannot 
form in the presence of inorganic phosphates artificially added means that the 
affinity between enzyme and phosphatf' is greater than that between enzyme 
and oxalate and that therefore, out of the two complexes possible, the enzyme- 
phosphate complex tends to be formed predominantly. 

On again examining the action of the alkalinii phosphatase of liver on 
glycerophosphate in the presences of sodium oxalate, it follows from the con- 
siderations made that among the complexes which we have admitted exist in 
the system : , , 

* ^ enzyme-substrate 

enzyme + substrate -i- oxalate + phosphate enzyme-phosphato-substrate 

enzyme-oxalate 

the balance will tend to move in favour of the formation of enzyme -phosphate - 
substrate. Therefore, as and when, during the course of hydrolysis, the inorganic 
phosphate is set free, the latter displaces the oxalates from the inactive enzyme - 
oxalate complex and gives rise to the formation of the active enzyme-phosphate 
complex^. 

The demonstration of this process is given by the experiments described in 
the experimental part (see Figs. 2 and 7, curve C) in which the hydrolysis in 
the presence of oxalate is accelerated as the inorganic phosphate is freed. This 
acceleration, seeing that the destruction of the oxalate ions was experimentally 
excluded, can only be attributed to the progressive formation of the active 
enzyme-phosphate complex at the expense of the inactive enzyme-oxalate 
complex. 

The experiments with hog kidney, made in order to confirm Munemura’s 
statement [1933], allow us to conclude that the mechanism of the action of 
that phosphatase is identical with that of the phosphatase of rabbit liver. In 
this case too, therefore, the enzymic action develops at the beginning directly 

^ The fact that the oxalate ions may be easily and completely displaced from the enzyme- 
oxalate complex has already been demonstrated by us [Bolfanti et al,t 1935, 2]. 
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between enzyme and substrate; with the gradual formation of the enzyme- 
phosphate complex, the hydrolysis cau8(»d by the latter also comes into play. 

The relations existing at the beginning of the reaction between the concen- 
tration of the substrate and that of the enzyme will favour in greater or less 
degree and with greater or less rapidity the formation of the enzyme-phosphate- 
substrate complex at the expense of the enzyme-substrate complex and ac- 
cording to circumstances the course of the reaction will be more or less removed 
from that of a unimolecular reaction. In no case however can perfect con- 
cordance with this law be ('xpected as the hydrolysis is caused simultaneously 
by two agents which possess different properties and whose quantitative rela- 
tions vary (?ontinuously with time. In fact, one has to deduce from the experi- 
ments represented in Fig. 7 (curves B and D) that the value of the dissociation 
constant of the enzyme-phosphate-substrate complex is notably less than that 
of the constant of dissociation of the enzyme- substrate (iomplex. It is not 
probable that this is the only difference existing between the properties of the 
two (jomplexes produced; for example, the complexes may have different acidity 
optima. In this way one may easily explain several anomalies which are fairly 
frequently observed in the ordinary processes of enzymic hydrolysis of the 
phosphoric esters, such as the variation of the optimum of phosphatase activity 
with the concentration of the substrate [Asakawa, 1928], or during the course 
of the hydrolysis (Fig. 3). 

The considerations discussed in connection with the phosphatase of liver and 
kidney may perhaps be extended also to other enzymes. One may suppose 
in fact that the accelerations met with in certain enzymic proces8(‘s and the 
abbreviation of the so-called induction period, which may be obtained by adding 
to the solutions under examination one of the products of the reaction (e.g. 
acetaldehyde in the case of alcoholic fermentation), may be explained by the 
formation, betweexi enzyme and product of hydrolysis, of a complex which is 
more active than the free enzyme. 

Returning to the phosphatase of liver and kidney, it is probable that the 
activating action of magnesium, as follows from Erdtmann’s work, consists 
in the formation of a magnesium-enzyme complex which is still capable of 
uniting with the substrate to hydrolyse it and in which the magnesium is not 
displaceable by i>hosphate. 

Phosphatase of bone. As pointed out by us in the experimental part: (Figs. 
3, 4 and 6), the phosphatase of bone in the presence of sodium oxalate behaves 
in a different way from the phosphatase of liver and of kidney. The paralysing 
action of the oxalate is not limited only to the beginning of the hydrolysis but is 
manifest during the whole course of the same. In our previous note [Belfanti 
et al., 1935, 2] we demonstrated that this phosphatase, kept at 37® in an acid 
medium (pjj 4-5), loses its activity much more rapidly than the alkaline phos- 
phatase of the liver and kidney. Analogously, one may suppose that it is also 
more sensitive to the action of sodium oxalate and that therefore the formation 
of the enzyme-oxalate complex is accompanied by a profound alteration of the 
enzyme, an alteration which occurs gradually during a relatively long period of 
time and which may lead to the permanent disappearance of the phosphatase 
activity. One may thus easily explain the fact that the phosphates set free during 
the course of hydrolysis do not, of themselves, succeed in determining complete 
reactivation such as occurs in the case of liver and of kidney. 

This interpretation of the behaviour of the phosphatase of bone to sodium 
oxalate is condfirmed by the experiment recorded in Fig* 8. For this experiment 
we pdiiposely used an extract of bone of a young rabbit, recently prepared and 
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very concentrated, the activity of which was therefore very marked. Hence 
the time needed in order to free a quantity of inorganic phosphate sufficient to 
reactivate the enzyme was much shorter and, correspondingly, it became less 
probable that the enzyme would become permanently ina(;tive. One could hoj)e 
therefore for at least a partial reactivation of the enzyme by the inorganic 
phosphate freed during hydrolysis. 

In fact, on observing the course of curve C (in the presence and in the 
absenc*e of added inorganic phosphate) one notes at a certain point (between 
the 45th and 60th minutes) a notable rise in hydrolysing power. Spontaneous 
reactivation is however very far from being complete. In the case of hydrolysis 
in the presence! of sodium phosphate added at the same time as the oxalate 
(curve A), the behaviour is analogous to that met with in the case of th(j alkaline 
phosphatase of liver: in fact, the corresponding curve practically coincides with 
that of hydrolysis in the presence of phosphate but in the absence of oxalate 
(curve B), This fact may easily be explained because, according to our views, in 
this case the active enzyme^-phosphate complex must be predominantly formed, 
so that the enzyme is removed from the alterative action of the oxalate. 

In order to confirm that the oxalate tends to inactivate the phosphatase of 
bone in a permanent way, we carried out the experiment recorded in Table VIII 
(p. 1502). As may be seen, tlie values in column I are all higher than those of 
column TT. This means that in the first case the formation of the enzyme-phos- 
phate complex has at least in part impeded the permanent inactivation of the 
enzynu^ itself by the? oxalate. In test II, as the greater part of the enzyme was 
permanently inactivated, successive additions of inorganic phosphate did not 
suffice to restore the phosphatase activitj^ of the extract: in fact, the values 
obtained in this test, except the first two, are markedly inferior to those of 
test HI in which no addition of inorganic! phosphate was made. This is natural 
seeing that the addition of inorganic phosphate slowed down the hydrolysis 
caused by the phosphatase which was still unaltered. 

As a partial conclusion of the work described in this and the previous notes, 
it may be well to recapitulate our present knowledge of the question of the 
identity of the alkaline phosphatases. 

Robison and Soames [1924J, studying the activity of the phos})hatases of 
various animal tissues at different values, concluded in favour of the hypo- 
thesis that the spleen, liver and pancreas contain a phosphatase which is different 
from that of the kidney and bone. Kay [1928; 1931] from a series of com- 
parisons deduced tliat the phosphatases of the bones, kidneys, intestinal mucosa 
and blood plasma are identical. More recently, several Japanese authors of 
Akamatsu’s school [Usawa, 1932; Hori, 1932; Munemura, 1933], after a series 
of valuable researches, came to the conclusion that the phosphomonoesterases 
existing in nature may be divided into three types having th(!ir optima of 
activity at 3, 5-5 and 9-10 respectively. The affirmation that all the phos- 
phatases which we have agreed to call alkaline, that is to say, those phosphatases 
which are capable of hydrolysing the monoestors of phosphoric acjid at a 
optimum between 9 and 10 inclusive, are identical is implicit in this classification. 

From the experiments carried out in the present work, it follows that : 

(1) With the phosphatase of bone a hydrolysis is obtained whicli is much 
more rapid in the presence of glycine buffer than in the presence of veronal 
buffer; the contrary occurs with the phosphatase of liver and kidney. 

(2) The inhibition caused by oxalate of the phosphatase of liver and kidney 
is annuli^ by inorganic phosphate whether this be added artificially or formed 
in the course of hydrolysis. On the other hand, the inactivation of the phos- 
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phatasc of bone by means of oxalate tends to become permanent so that the phos- 
phates freed during the process of hydrolysis only partially reactivate the enzyme. 

In our previous work [Belfanti et al., 1935, 2] we demonstrated that the 
phosphatase of bone, in contrast with the alkaline phosphatase of the liver and 
kidneys, is extremely labile in an acid medium. 

In correlation with these results, one may recall the fact observed by 
Hommerberg [1929] that the phosphatase of bone, in contrast with the alkaline 
phosphatase of the kidneys [Erdtman, 1928] and of the liver [Bamann and 
Riedel, 1934], is not activated by magnesium^. Moreover, according to Hommer- 
berg, the phosphatase of the bone differs from that of the kidney by reason of 
its greater solubility in alcohol. 

The knowledge in our possession is therefore sufficient to allow one to affirm 
that these are different phosphatases. 

The experiments made in the present work were not extended to the phos- 
phatases of the blood and therefore it is not possible for us to make definite 
assertions on this subject; however, on the basis of the preliminary experiments 
described in our first report, one may deduce that the phosphatase of blood 
serum is analogous to that of the bones. The alkaline phosphatases examined 
by us may tliei*efore be divided into two distinct groups : those of liver and of 
kidney belong to the first group whilst those of bont* and serum belong to the | 
second. 

SCTMMAKY. 

1 . When an extract of liver or of kidney is allowed to act in an alkaline 
medium on gly(?erophosphate in the presence of sodium oxalat(% the hydrolysis 
at first proceeds very slowly, then little by little it accelerates and finally 
proceeds as if the oxalate were no longer present, until th(*. substrate is com- 
pletely hydrolysed. In the presence of inorganic phosphate added artificially, 
sodium oxalate does not manifest any inhibitory action whatsoever on the 
alkaline phosphatase of liver and kidney. 

2. It is suggested that the explanation of these phenomena is that the 
inorganic phosphate set free from the glycerophosphoric acid gradually displaces 
the oxalate ions from the inactive enzyme-oxalate complex giving rise to an 
active enzyme-phosphate complex capable, like the free enzyme, of uniting with 
the substrate and of hydrolysing it, 

3. Inorganic phosphates, if previously added, manifest their antagonistic 
action to sodium oxalate even in the case of the phosphatase of bone. The latter, 
however, in contrast to the alkaline phosphatase of liver and kidney, when 
allowed to act on glycerophosphate in the presence of sodium oxalate is in- 
capable of spontaneous reactivation. The probable explanation of this pheno- 
menon is discussed. 

4. The kinetic behaviour of the phosphatases of liver and bone was studied. 

5. Kurata’s process for the. separation of the acid phosphatase from the 
alkaline phosphatase in extracts of hog kidney was examined. 

6. The experiments of Mimemura regarding the inactivation of the alkaline . 
phosphatases by means of sodium oxalate wore not confirmed and the statements 
of several authors relative to the identity of the alkaline phosphatases of dif- 
ferent origin have been discussed. These phosphatases should be divided, for the 
reasons given in this and our previous papers, into two distinct groups: that 
of the liver and kidneys and that of bone and probably also of serum. 

^ Kay and Jenner {,1931] maintain that the phosphatase of bone is also susceptible to the 
activating action of magnesium, but only when the latter is present in concentrations of 

Mimo^Mim* 
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CLXXX. ENZYMIC EFFICIENCY IN MALIGNANCY- 

L INFLUENCE OF THE GROWING WALKER CARCINO- 
SARCOMA ON CONCENTRATION OF BLOOD AND 
TISSUE ENZYMES OF THE ALBINO RAT.^ 

By BARNETT SURE, MARINES CORNELIUS KIK 
AND KATHRYN SITE BUCHANAN 

{from the Department of Agricultural CheniiMrg, 

University of Arkansas, FayetteiMe), 

AND HARVEY SHEPARI) THATCHER 
AND ALBERT DeGROAT 

(from the Department of Medical Pathology, University of Arkansas, Little Hock), 

(Received April 5th, 1935.) 

Since (?nzymes are the means by which cancer (^eJls as W(>11 as normal cells do 
their work, and since' resistance to malignajicy seems to be assoeuated with 
definite changes in (onc^entration of certain blood and tissue enzymes, it is 
evident that one of the goals of the biochemist in the study of cancer is to make a 
systematic and intensive^ study of all possible factors that influence the concen- 
tration of such enzymes with the purpose of prev<^nting the transformation of 
normal epitheJial into canc(^rouB tissiu's. 

Recently we have initiatt^d a detailed study of enzymic ('flficien(\y in avita- 
minosis. Being at the sanu' time engaged in an investigation on the therapeutic 
efft^et of vitamins on rt'gression of transplantable tumours in the albino rat, we 
had the necessary equipment, materials and tumour- bearing animals for the 
study of ('uzymic effitiicney in malignancy. 


Experimental. 

In first attempts to transplant tumours, we found our Wistar Institute stock 
quite resistant to the Flexner-Jobling carcinoma, obtaining only about 50 % 
of takes. We therefore subsequently used a tumour furnished us by Dr F. C. 
Wood of the Institute of Cancer Research, Columbia University. This tumour 
was designated as Walker carcino-sarcoma No. 256, and gave us 60-85 % of 
takes, provided that the tumour used for implantation was not too necrotic. 

The transplantations were made under sterile conditions. The tumour tissue, 
weighing about 20 mg., was inoculated according to the technique of Suguira 
et al. [1921] with a trocar into albino rats subcutaneously in the region of the 
right axilla. The animals, about equally divided between males and females, 


^ Research J*aper No. 321, Journal Series, University of Arkansas. Supported by a fund 
fiom the International Cancer Research Foundation. 
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were 3-4 months old and weighed 160-200 g. They were given our regular stock 
diet No. 1, which is composed of cereal grains fortified with caseinogen, CaC 03 
and NaCl. The animals and food were weighed daily. 

The experiments were conducted in pairs; for every animal with an im- 
planted tumour a litter-mate control of the same sex was used, which was 
restricted to the same plane of nutrition as the tumour- bearing animal [Sure 
et al.y 1935]. The tumours were measured, 3 times wec^kly, with a caliper in 
length, width and in some cases in depth. 42 groups were studied in the case 
of most enzymes. The blood serum phosphatase was iiicluded later in the nivesti- 
gation and was studied in 31 groups. The tumours rangcid from 15 to 73 mm. 
in length and from 10 to 65 mm. in width. The age of the tumours of the im- 
planted animals, the blood and tissue enzymes of which were studied, ranged 
from 3 to 5 weeks in most (‘.asiis; but some individuals wcue allowed to pro<?eed 
to the stage of pronounced ulceration and these tumours were about 7 we<‘ks 
old at the timi^ the animals were sacrificed. 

The tumours were (unbedded in formalin and (‘xamined micros(‘opicali 3 ^ by 
Drs Thatcher and LeGroat of the Department of Medical Pathology, Univ('rsity 
of Arkansas Medieval School, Litth^ Kock. The external observations showed 
cases varying from non-ulc(‘ration and slight ulceration to pronounced ulcera- 
tion with pus oozing from the exterior. On microscopic examination there were 
present necrosis and infiammation varying from one-tenth to three -fourths of 
the entire tumour. The following enzymes wen^ studicMl, all of which were derived 
from the blood and tissues of the same animal: blood set‘um arnylasc', esterase 
and phosphatase: paiuTeatic amylase, lipase and esterase; he]:)atic lipase and 
estoras(‘; tiypsin and erepsin. 

The same teehni(|ue was used for the sampling of blood and the pi’cparation 
of tissue extracts as has already been d(‘scribed [Sure (d al., 11)35J. 


Methcnh employed for the determination of the vai'ious blood 
and tissue enzymes. 

The trv})sin and en^psin were determined ae(*ording to tlui alkalimetric 
method of Willstatter and Persiel [1925]. 

For the blood serum esterase the method of Green [1934] w^as employed, 
with the following modifications. The amount of blood scrum was reduced from 
0*5 to 0-25 ml., the amount of ethyl butyrate was increased from 0*25 to 0*5 ml. 
and the time of incubation increased from 2 to 4 hours. 

The j)ancreatic am^dasc was determined according to tlic! recent procedure 
of Ross and Shaw [1934], with the following modification. In addition to the 
slightly varied technique for the preparation of tissue extract, we used 0-25 
instead of 0-5 ml. of the enzyme solution of the pancreatic extracit of our cton- 
centration [Sure et al.^ 1935]. Employing our modified teclinique, we found 
considerably more amylase units per g. tissue for rats on a normal diet than 
did Ross and Shaw. Whether this is due to more thorough extraction we cannot 
say. 

The blood amylase was determined precisely according to the same technique 
as the pancreatic amylase, using 0-25 ml. blood serum in duplicate. In this 
connection it may be mentioned that all determinations were conducted in 
duplicate unless there was a shortage of blood serum, in which case only single 
samples were taken for analysis. 

The pancreatic and hepatic lipases were determined according to the tech- 
nique recently described by us [Sure et aZ., 1935]. 
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The procedure for the determination of pancreatic and hepatic esterases 
was changed from our previous technique [Sure et al,^ 1935] to that employed 
for blood serum esterase, using 0*5 ml. substrate, 2 ml. of the pancreatic extract, 
and on account of the large amount of tissue esterase present in the liver, the 
amount of sample in the hepatic extract was reduced to 0*25 ml. The period of 
incubation was 4 hours. 

The method of Jenner and Kay [1932] for the determination of blood plasma 
phosphatase was found quite suitable for our determination of blood serum 
phosphatase, with the following modifications. Instead of 0*25 ml. plasma, we 
used 0*125 ml. serum; also we employed a period of 2 hours’ incubation instead 
of 3 hours’ used by Jenner and Kay. 

The results of our investigations are submitted in Tables I-~UI inclusive. 
In Table I are presented detailed results of our major findings. In Tables 
II and III are submitted summarised data of the entire investigation. 


Table I. Influence of the growing Walker carcinosarcoma on concentration 
of blood and tissue enzymes of the albino rat. 

V ^ Tathological. C *=» Contrul, 


Size of 

tUITlOUl* 


Exp. 

No. 

Aminal 
marking 
and sex 

17^ 

mm. 

VV. 

mrn. 

2708 

P-D V 
C- V 

52 

45 

2705 

P-D $ 
U-R ¥ 

57 

40 

2704 

P-1)L V 
(^L $ 

55 

45 

2G99 

P-D ? 
U-DU ? 

55 

50 

2(»90 

C-D S 

01 

55 

2705 

P- 3 
C-R 3 

53 

40 

2720 

P~R 3 
C-DR 0^ 

72 

05 

2779 

P-l. 3 
C-LDR^l 

39 

19 

2793 

P~ 

C— L 3 

23 

23 

2770 

P-R $ 
C~D ? 

38 

38 

2799 

P~ 3 
C-L <3 

43 

42 

2720 

P-DL $ 
C-R 

03 

40 

2717 

P-DL 

G-L $ 

t]5 

37 

2721 

P-L 3 

c~p s 

44 

38 

2702 

P-DL ? 

O $ 

69 

51 

2750 

P-DL <J 
C-DR ^ 

24 

24 



Blood 




serum 

Hepatic 



e8t(*rase 

esterase 


Blood 

exp. 

exp. 


serum 

as mg. 

as mg. 


amylase 

butyric 

butyric ' 

Trypsin 

units 

acid 

acid 

units 

4-3 

3*0 



2()\ 

lt)‘0 

25-9 


20/ 

10-9 

8*3 



12\ 

23’0 

29*0 

— 

40/ 

10*1 

7*0 

20*4 

48\ 

25-3 

27*9 

41*3 


10-3 

11*0 

35*0 

32\ 

19*0 

27*2 

44*8 

48/ 

5*7 

7*4 

35*3 


17'9 

28*0 

47*5 

-/ 

8-3 

12*7 

31*2 

38 \ 

]7‘3 

33*4 

43*2 

32/ 

40-3 

15*8 

44*8 

32\ 

30*5 

23*7 

51*4 

30/ 

14-7 

]9-4 

46*0 

32\ 

29-4 

21*0 

48*0 

40/ 

25-3 

24*5 

50*9 

23 \ 

24-5 

24*2 

50*9 

47/ 

16-3 

17*9 

49*5 

20\ 

10-9 

20*9 

47*5 

54/ 

12-2 



— 

19\ 

20-7 

— 


34/ 

2-7 

12*3 

32*5 

22\ 

22-9 

27*7 

42*2 

34/ 

7*0 

10*1 

31*2 

20\ 

19*0 

32*1 

42*6 

40/ 

20«7' 

17-7 

33*4 

4I)\ 

19-6 

29*9 

43*7 

46/ 

9*8 

22*8 

26*7 

30\ 

4-3 

14*5 

23*3 

47/ 

18*6 

25*6 

47*6 

26\ 

22*8 

34*7 

60*6 

20/ 


Keniarks 

Ulcerated ^ivith much pus; necrosis; 1/2 of 
section with inflammation 

Dry slight ulceration; marked newosis and 
inflantmatiou 

Ulcerated with much pus; necrosis; 1/2 of 
section with inflammation 

Pronounced ulceration; necrosis; 1/2 of 
section with much inflammation 

Pronounc(»d ulceration which hail dried; 
slight necrosis; inflammation 

Small ulceration; slight necrosis with in* 
flammatioii 

Pronounced ulceration; necrosis with in* 
flammatioii 

Ulcerated; necrosis; 3/4 of section with 
much ulceration 

Ulcerated; centre necrotic with much in- 
flammation; cancer extended into muscle 

Ulcerated; centre necrotic with inflam- 
mation 

Ulcerated with pus; necrosis and 1/2 de- 
generation 

Non-ulcerated ; necrosis 1/2 section; much 
karyolysis 

Non-ulcorated; necrosis 1/3 section; much 
karyonhexis 

Non-uleerated; 3/4 necrosis; much inflam- 
mation; many polymorphonuclear leuco- 
cytes 

Non-ulcerated 

Non-ulcerated; 1/10 section necrotic; with 
inflammation 



ENZYMIC EFFICIENCY IN MALIGNANCY 1511 

Table I (cmt). 

Blood 



Animal 
marking 
and sex 

Size of 
tumour 

Blood 

serum 
esterase 
Exp. 
fis n^. 
butyric 
acid 

Hepatic 

esterase 

Exp. 



Exp. 

No. 

r 

L. 

mni. 

W. 

mni. 

serum 

amylase 

units 

as iitg. 

butyric Trypsin 
atjid units 

Remarks 

2754 

P- 

C-L 

3 

cJ 

34 

33 

34 3 
371 

15*1 

15*4 

•48*8 

54*0 

11 } 

Non-ulcemted; 1/4 neci'osis with inflam- 
inaliDu 

2749 

P-DL 

C-DR 

9 

$ 

32 

34 

14-2 

20 9 

15*4 

28*0 

45*3 

49*3 

-} 

Non-ulcerated ; 1/3 necrosis with inflam- 
mation 

2753 

P«- 

C-L 

? 

$ 

40 

42 

17-4 

20-7 

15*8 

26*0 

42*7 

67*2 

-} 

Non-ulcerated; 1/2 necrosis with inflam- 
mation 

2748 

P-R 

C-U 

$ 

$ 

46 

42 

19-8 

28-0 

18*3 

29*0 

30*3 

49*5 

30 \ 
28/ 

Non-uK'crated; necrosis; inflammation; 
rim of cancer left 

2751 

P-H 

C-D 

? 

? 

63 

41 

10-4 

10-4 

20*5 

27 3 

44 0 
55*8 

24-1 

43/ 

Non-uloorated; 1/2 necrosis with inflam- 
mation 

2764 

P~K 

C-d) 

V 

V 

33 

30 

il-7 

2()'7 

271 

28*2 

34*5 

52*1 

20\ 

30/ 

Non-ulcerated; small portion of centre 
necrotic with inflammation 

2775 

P~DL 

C-K 


33 

20 

22-3 

28-7 

27-3 

20*4 

41*3 

43*0 

12\ 

34/ 

Non-ulcerated; centre necrosis; much in- 
flammation 

2770 

P-T) 

C-L 

* 

o 

33 

22 

21*3 

31*9 

23*3 

20*2 

— 

421 

30/ 

Non-ulcerated; slight necrosis in centre 

2773 

P- 

O-L 

s 

27 

24 

23*4 

40*9 

31*9 

30*4 

41*8 

52*4 

40\ 
50 / 

Non-ulcerated; slight necrosis; slight in- 
flammation 

2774 

P-R 

(’-1) 

0 

28 

27 

20 7 
32-7 

23*8 

24-5 

47*1 

59*2 

30\ 

^12/ 

Non-ulcerated; necrosis; 1/4 of section 
with inflammation 

2778 

P~ 

0-L 

9 

9 

33 

23 

]7‘4 

28'9 

28-0 

20 7 

46*5 

50*8 

36\ 

54/ 

Non-ulcerated; necrosis; 1/3 of section 
with inflammation 

2774 

P-1>L 

CM)R 

9 

9 

29 

25 

10-0 

27-8 

10-7 

23*8 

38*0 

57*0 

20\ 

48/ 

Non-ulcerated; necrosis; 3/4 of section 
with inflammation 

2700 

P~T) 

C-K 

3 

rS 

U 

29 

11*2 

17*2 

21*2 

27*0 


32 \ 
20 / 

Slightly necrotic; small abscess in centre 

2720 

P-DLR 

3 

73 

42 

12- 5 

13- 6 

13-0 

31*2 

28*0 

38*7 

44 \ 
(K)/ 

Very slightly ulcerated*; tiecrosis; 1/2 of 
section with inflammation 

2724 

P-DR 

0-1) 

3 

3 

59 

45 

9*2 

20*1 

13 8 
21*2 

33*0 

40*6 

30\ 

40/ 

Non-ulcerated; necrosis; 1/2 with much 
karyorrhexis 

2725 

P-R 

C-DL 

3 

3 

45 

36 

15 2 
20*1 

18*0 

29*0 

47*9 

47*0 

20-1 

30/ 

Non-ulcerated; slightly necrotic; inflam- 
mation 

2779 

P-l) 

CAi 

9 

9 

27 

25 

19*1 

18*0 

33*3 

26-8 

47*3 

52*2 

38\ 

00/ 

Non-ulcerated; 1/3 necrosis; slight inflam- 
mation 

2752 

P-H 

C-D 

3 

3 

60 

41 

12*0 

27‘2 

22*4 

31*7 

•«*9 

52*4 

34-1 

52/ 

Non-ulcerated; slight necrosis 

2753 

P-DL 

C-DR 

3 

3 

48 

44 

14*7 

27*5 

22*6 

27*5 

42*7 

51*9 

24-1 

38/ 

Non-ulcerated; 1/2 necrosis with inflam- 
mation 

2794 

P-DL 

C-DR 

1 

41 

24 

16-1 

42*3 

18-0 

24-5 

39*1 

44*7 

42^ 

42/ 

Non-ulcerated; centre necrotic; extends 
into muscle; considerable inflammation 

2798 

P-DL 

C-DE 

3 

3 

24 

24 

24*5 

22-0 

28-9 

30*4 

45*3 

49*5 

56\ 

50/ 

Non-ulcerated; slight necrosis with inflam- 
mation 

2790 

P-K 

C-D 

9 

? 

30 

26 

15*8 

15*5 

20*6 

35*9 

44*4 

49*7 

4-n 

62/ 

Non-ulcerated; 1/4 necrosis with much 
inflammation 

2797 

P-DL 

C-DE 

9 

9 

32 

28 

17-6 

39*2 

20*7 

35*2 

45*8 

67*6 

20\ 

38/ 

Non-ulcerated; 1/3 necrosis with inflam- 
mation 

2797 

P-R 

C-D 

3 

3 

34 

25 

21-8 

31*5 

20-6 

35*9 

67D 

44*0 

32 \ 
64/ 

Non-ulcerated; centre necrotic; inflam- 
mation 

2796 

P-EDL S 
O-L ^ 

37 

30 

245 

28-0 

lB-5 

20*7 

— 

38\ 

48/ 

Non-ulcerated; 1/2 necrotic with inflam- 
mation 

2794 

P-E 

C-D 

3 

3 

41 

36 

17-0 

39*2 

264 

42*6 


86\ 

44/ 

Non-ulcerated; 1/3 necrosis with inflam- 
mation 


* Animal in dying condition. 
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Table 11. Influence of the growing Walker carcim-sarcoma on concmtration 
of blood and tissue enzymes of the albino rat. 


Enzynift 

Blood serum atnylase (units) 

Blood serum estoVaso (ing. butyrir 
Blood serum phosphatase (units) 
Trypsin (units) 

Erepsin (units) 

Pancreatic amyhise (units) 
Pancreatic lipase (mg. oleic acid) 
Hepatic lipase (mg. oleic arid) 
Pancreatic e.storase (mg butyric acid) 
Hepatic esterase (mg. butyric acid) 


Pathological. 



C "-Cotitrul. 





No. of 








patho- 




0 / 

./o 

0 / 

/o 



logical 

Average for all 

‘lo- 

animal 

animal 

animal 

No of 

groups 

groups 

crease in 

groups 

groups 

groups 

group.H 

shoMoug 

^ A 

— , 

patho- 

showing 

showing 

sh(»M'ing 

studieil 

decrpast‘. 

P 

C 

logical 

decrease 

increase 

no change 

J2 

35 


24-5 

48-5 

83*3 

14-3 

2-4 

(1) 41 

34 

18-7 

27*6 

47 0 

62*9 

14-6 

2-5 

2i\ 

17 

11-4 

47-3 

IM 

05*4 

34*G 

0-0 

:i8 

29 

31-3 

43-5 

39-0 

7G-3 

10*5 

]3'2 

38 

21 

26-9 

28*3 

52 

55-3 

3G-8 

7*9 

34 

30 

2G-7 

30*3 

13-5 

88-2 

5*9 

6*9 

39 

27 

15-7 

17-0 

8-3 

09-2 

2r)'G 

5-2 

35 

JO 

290 

32‘5 

8*7 

45-7 

48-5 

4*0 

1 37 

21 

10-5 

17-7 

7 3 

50*8 

:45-] 

8*1 

35 

30 

40-5 

41-2 

U)'5 

85-7 

114 

2-9 


Table TIT. Percentage decrease in concentration of various blood and tissue enzymes 
of tunmur -bearing albino rats compared with litter-mate controls of the same sex 
restricted to the same diet and same plane of nutrition. 




Groups of 



Groups of 

Enzyme 


animals 

Plnzyme 


animals 

Blood scrum ainyla«c 

48*5 

42 

Blood serum phosphatase 

11 1 

20 

Blood scrum esterase 

47-0 

41 

Hepatic lipase 

8*7 

35 

Trypsin 

39*0 

38 

I^ancreatic lipase 

8*3 

39 

Hepatic* esterase 

lG-5 

35 

Pancreatic esterase 

7*3 

37 

Pancreatic amylase* 

i:ir> 

34 

Erepsin 

5-2 

38 


Analyris of experimentat. data. 

Table T shows that inflanmiation was found in the majority of the tumours 
on microscopic t^xanii nation. We should like to emphasise in this connection 
that the implantations of tumour tissue wore conducted under the most rigid 
sterihi conditions possible. If an infectious oi’ganism invaded the tumoiir- 
l)earing animals, this must have been the result of loss of resistance to infection 
by virtue of thi^ development of this rapid-giowing and necrosing carcino- 
sarcoma. 

The most markc^d changes were found in the concentrations of blood serum 
amylase, blood serum esterase and trypsin, showing a reduction percentage in 
the tumour-bearing animals compared with their litter-matc controls of the 
same sex and restricted to the same plane of nutrition, of 48*5, 47*0 and 39*0 
respectively. 

While this work was in progress the paper of Green [1934] appeared, showing 
the marked decrease in blood serum esterase content of rats inoculated with 
the Jensen sarcoma. Our results of the blood serum esterase of animals im- 
planted with the Walker carcino-sarcoma No. 256, therefore, concur with those 
of Green. We did not, however, find such a marked reduction, either in the 
blood serum oi* hepatic esterases. The average resylts of Green expressed as 
A 7 IOO NaOH for the blood serum esterase are: cancer group, 4*4; normal group, 
18-1 — a diflFerence of about 400 %. For the liver esterase, the average results 
of Green are: cancer group, 20-6; normal group, 56*4 — ^a difference of about 
175 %. Our tumour-bearing animals showed a reduction in blood serum and 
hepatic esterases of 47*0 and 16*5 % respectively. The difference in degree of 
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reduction of these esterases is probably due to the fact that the authors and 
Green worked with different types of tumours. 

Tables II and III show that the reductions in the concentrations of pancreatic 
amylas(^, blood sc^rum yjhosphatase and pancreatic (isterastj in the tumour-bearing 
animals are small but definite. 

The reduction of 8*7 % in hepatic lipase in the pathological animal is of no 
significance, since a large percentage of the groups showed increase in this 
enzyme. 

It is of interest to note (as shown in Table IJ) tliat considerable reduction 
in the blood and tissue enzymes of the pathological animals occurred in 76-83 % 
of the groups. 

The chang(\s in the concentration of hepatic^ lipase, pancreatic esterase and 
erepsin in the pathological animals are too small to b(‘ (considered of any value. 

It is evident from a careful examination of Table I that there is no absolute 
rc'lationship betw(^f?u the growth of the tumour, the extent of ulceration, 
necrosis and inflammation, and the (extent of rc'duction of the corujentration 
of blood and tissue enzymes of the tumour- bearing animals. Because, however, 
tlKU'e is a great deal of individual variation in (ioncentration of enzymes in various 
animals, we have; followed up tfu^ influence of this growing tumour on the 
blood serum amylase and blood sdiim (‘sterase in tht' living animal, taking 
two blood samples weekly from the tail of the rat, the ])urpos(' being to detc'rmine 
when during the develojiment of the malignancy of this carcino-sarcoma the 
first enzymic changes begin. 8ix blood serum amylas(* and 14 blood serum 
(‘sterase^ groups were siiKlitHl. The iTsults show that pronounced reduction in 
the concciitrations (fl* these enzymes takes place' only after the tumour has d('- 
velope'd to approxirnat-ely the 20 mm. size. 

The inter])retation of our findings will beconu' clearer by a (*onsideration of 
the recent results of Balo and Lovas [1933]. Thi'se investigators studied tho 
enzymes ir,^^)sill, lipases and amylase from the pancreas of 70 people who died 
from different disdises, such as ]ndraonary tuberculosis, peritenitis purulenta, 
diabetes, chronic gastric ulcer, haemorrhage of the brain, meningitis, Addison’s 
disease, Basedow’s disease and carcinoma. They found in these diseases that 
the concentrations of the paiUToatic enzyme's show a parallelism, i.p.. high lipase 
content accompanies high trypsin and amylase valiu's; and, in general, when 
a decrease takes place, all these (Uizymes are involved. Infraitious diseas(?s con- 
stitute an exception. Th(‘ trypth^ activity is decreased in tlie majority of these 
cases and the lipase and amylas(' contdits ii'niaiued normal. In disease's wdiere 
cach(jxia occurred, a significant decrease* of all thro(? enzymes was observed. 
This decrease was the most pronounced in the tubc'rculous patients whose con- 
ditions led to cachexia. High lipase content was shown to be relatc'd to pan- 
creatic fat necrosis. 

In our experimental study of rats inoculated with the Walker carcino-sarcoma 
No. 256, there was no cachexia, since the animals showed no noticeable reduction 
in daily food intake and since the controls were restricted to the same plane of 
nutrition as the tumour- bearing animals, the problem of malnutrition was ruled 
out. The fact, however, that there was a marked reduction in trypsin and only 
small changes in pancreatic lipase and amylase would indicate that no organism 
was involved. This agrees with our histological findings of inflammation in most 
of the tumours examined, 

^ Tho work on the blood scrum esterase was carried out by Miss Thelma James, the results 
of which constituted partial fulfillment of the requirements for the degree of Master of Science 
at the University of Arkansas. 
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The reduction of blood serum amylase would suggest atrophy of the acini 
of the pancreas, since Elman, using the quantitative viscosimetric method of 
Elman and McCaughan [1927], has found this to occur in a number of tumour 
cases [Elman et al,, 1929; Elman, 1931]. Our histopathological examinations, 
however, disclosed only minor changes in the pancreatic tissues. 

Our findings of marked reduction of blood serum esterase in the tumour- 
bearing animals is in accordance with Green’s observations in human cancer 
[1934]. Green, however, found that, where the general health was good, the 
serum esterase content was on the average slightly higher than in non-cancerous 
^‘normal persons”, wh(ireas in the ttTminal stages of cancer it was well below 
normal, reaching the level observed in acute and subacute bacterial disease. 

Stjmmaby. 

Inoculations of the Walker carcino-sarcoma No. 256 subcutaneously into 
the albino rat produced the following changes in the concentration of blood and 
tissue enzymes. A marked r(iduction was observed in the contents of the blood 
scrum amylase and blood serum esterase and trypsin. Small but definite de- 
creases were found in the concentrations of h(*patic esterase, pancreatic amylase 
and blood serum phosphatase. The decreases in hepatic and pancreatic lipase, in 
pancreatic esterase and in erepsin were too small to be considered of any sig- 
nificance. 
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Vegetable ivory (Phyielephas macrocarpa), the endosperm of the seed of the 
tagua palm, has long been known as the most convenient source for the prepara- 
tion of mannose. This sugar occurs in nature in the form of mannans (poly- 
saccharide condensation products) which on acid hydrolysis yield the simple 
hexoso. Approximately 75 % of the vegetable ivory is carbohydrate. 

In view of these facts Paton et al. [1924] postulated the presence of an enzyme 
in the ivory nut shavings capable of hydrolysing the insoluble mannans present. 
The shavings were suspended in water (1-20) and incubated at 45'^ (optimum 
temperature) with the addition of toluene to prevent bacterial contamination. 
A mannose trisaccharide was believed to be first liberated and finally after 10 
days only mannose was produced . In neither case was the mono- or tri-saccharide 
isolated as such ; their determinations were solely through formation of (jorre- 
sponding phenylhydrazone and osazone derivatives. Their experiments for 
enzymic activity may be severely criticised in that no control studies were 
attempted. 

The original purpose of the study repork^d in the present paper was to 
investigate the nature of the enzyme and to obtain the liberated mannose, as 
such, if present at all. However, in the course of the investigation, conclusive 
evidence accumulated indicating that no'mannanase exists in vegetable ivory; 
and that the presence of a reducing substance in the filtrate is due simply to a 
warm (45°) aqueous extraction of the nut meal. The carbohydrate responsible 
for the reducing action of the filtrate was isolated and its properties determined. 
It is not mannose but apparently a simple derivative of this monosaccharide, 
which on acid hydrolysis is converted quantitatively into mannose. 

Experimental part. 

Attempts to demonstrate the presence of a mannanase. 

In order to demonstrate whether the attempts to purify an enzyme or to 
augment its activity have been successful, it is essential to have a suitable sub- 
strate which can be subjected to the action of the preparations. Possibly a 
mannan might have been used in our work. However, we preferred to use whole 
vegetable ivory treated in such a manner as to destroy any enzyme that may 
be present. Boiling an aqueous suspension of the ivory nut meal for 1 hour, 
followed by incubation of the filtered material at 105° for 10 days was found 
to be adequate, in that an additional 10-day incubation of the washed material 
at 46° in accordance with the method of Paton et ah [1924] failed to yield any 
reducing substance in the filtrate. This material, called “treated’' vegetable 
ivory in this report, was washed free of reducing substance and dried in a vacuum 
desiccator at room temperature. 


( 1616 ) 
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Tests for enzymic activity (lO-d ay incubation of the aqueous extract at 45"^) 
were conducted upon washed vegetable ivory meal in the presence of equal con- 
centrations (0*42 %) of toluene, thymol and mercuric chloride. The yield of 
reducing substance, calculated as mannose, was determined by use of Benedict’s 
[1911] (topper titration method. Simultaneously with these, two other expcjri- 
ments, wherein additional equal amounts of treated vege^table ivory were added 
to the incubation flasks, werc^ carried out. Assuming an enzyme to be present, 
and 10 days to be adcnpiatt' for completion of the enzymic hydrolysis [Paton et ah, 
1924], the addition of an equivalent amount of the substrate to the action of the 
enzyme in the vegetable ivory should result in the liberation of more reducing 
substance as compared with the controls. The fact that there was an equal 
liberation of this compound at the conclusion of the incubations (0*88 % yield, 
calculated as mannose) argues against the presence of a mannanase in vegetable 
ivory. 

Paton et al. [1924] detormirKHl the reducing powers of different solutions 
after 2 hours’ incubation by titration vdth Fehling’s solution and constructed a 
curve from whic^h the optimum for the enzyme action was read. However, 
they failed to take ijito account that merely washing vegetable ivory with water 
at room tem]^erature yields a filtrate possessing considerable n^ducing power. 
Therefore, might it not be possible that the optimum as determined by these 
workers, is merely that for the aqueous extraction of vegetable ivory? In our 
experiments we had begun with vegetable ivory washed until the runnings were 
free of reducing 8ubstanc(% so that any additional reducing material obtairu^l upon 
the comj)l('tion of the incubation might be attributed to the action of the (mzyrne. 

Might it be possible that during the washings we had also removed the enzyme* ? 
If such had been the case, the incubation of ‘‘whole” (original unwashed non- 
heated) vegetable ivory should yield a filtrate containing a greater amount of 
reducing substance than that liberated in the washed meal plus that present in 
the washings of the meal. Such results were not obtained. An equivalent yield 
of reducing substanc^e (1-30 %, calculated as i^annose) was obtairjed in both 
cases. These findings indicate that rfo mannanase had been removed in the 
preliminary washing of the ivory nut meal. 

Furthermore*, the original investigators state that “at a temperature of 60^^ 
the action (of the enzyme) appeared to be almost completely annulled”. How- 
ever, we found that the incubation of an aqueous suspension of the nut meal at 
65~7()‘' yielded (jonsiderable amounts of reducing substance and the addition of 
washed vegetable? ivory to boiling water resulted within 10 minutes in the libera- 
tion of this compound ; and this occurred at a temperature at which enzymes 
do not function. 

Investigations as to the chemical nature of enzymes have as yet been very 
indecisive. On the whole, two viewpoints exist. The American school repre- 
sented by Sumner, Northrop and Sherman, who have prepared crystalline en- 
zymt\s, advance the conception that enzymes are protein in character. The view 
of Willstatter’s school is that enzymes are composed of a specific active group 
and a colloidal bearer or carrier and that the specific group binds the enzyme to 
the substrate. 

With these views in mind, we attempted both through standard protein 
preparations and adsorption technique to secure active fractions or concentrates 
of the enzyme alleged to exist by Paton and co-workers. A 5 % saline extract 
of the fat-free meal was saturated with (NH 4 ) 2 S 04 to precipitate the globulin and 
albumin fractions. The precipitated proteins were subjected to dialysis in running 
water for 10 days until a negative sulphate test was obtained, toluene being 
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used as a preservative. The precipitated globulins were centrifuged off, dehy- 
drated and dried. The supernatant fluid was evaporated to a small voluriK^ at 
45® and the albumin fraction precipitated by 95 % ethyl alcohol. Whole vegetable 
ivory has 0*697 % N, equivalent to 4-35 % protein. The globulin fraction 
(14*2 %N) approximated tota 20 % yield and the albumin fraction (11*7 %N) to 
a 7 % yield, calculated as percentage of total protein. The protein fractions gave 
low Kjeldahl nitrogen values, but these determinations were carried out upon 
the crude products and were not corrected for contaminants. 

After a 1-hour extraction at 45° of an aqueous suspension of ivory nut 
meal buffered at 4*2, 50 g. activated carbon “nuchar were added and the 
mixture allowed to stand at room temperature for 2 days. The adsorbate was 
then decomposed in aqueous medium at pjj 9*2, and the filtrate evaporated to a 
small volume. The final filtrate apparently contained the proteins described 
abov(‘, giving th(^ characteristic protein colour reactions. Due care was exercised 
duiing the preparation of the proteins and adsorbate not to permit the tempera- 
ture of manipulations to exceed 45°. 

The adsorption concentrate and the proteins isolated were tested for enzymic 
activity, using the treated vegetable ivory as a substrates No reducing substance 
was liberated under these conditions. 

Inolation and properties of the reducing substance. 

Two kg, of the washed ivory nut meal were suspended in 201. distilled 
water and incubated as descrilx‘d above. After 10 days the filtrate was boiled, 
filtered and concentrat(‘d in vacno to 50 ml., keeping the temperature of the 
water-bath below 80°. Throughout th(' concentration, norite t/’eatmeT»ts and 
filtrations wei’e necessary to obtain a clear filtrate. The r(‘ducing substanco was 
precipitated from solution by daily additions of 20 ml. glacial acetic acid. The 
final acetic? acid filtrate was practically free' from reducing substance, indicating 
that most of the carbohydrate? present in the syrup had been brought down. The 
precipitate was filtered, washed free of acid with 95 % alcohol, dehydrated with 
acetone and dried in a vacuum desiccator. 10*0 g. were obtained, indicating a 
yield of 0*95 % . 

Properties of the carbohydrate. 

PhyHical : 

(а) Amorphous and hygroscopic. 

(б) J)ecomposos at J 45 -155"’. 

(c) Mutarotatos; at equilibrium L^ItT “ 

(d) Molecular weight (Ueckmann), 183. 

Chemical ; 

{a) Porms glucosazone, M.r. 198'^. 

(6) Reducing activity equal to approximately ono-thii’d that of mannose. 

(c) On hydrolysis is converted quantitatively into mannose as evidenced by : ( I ) {cLff) of the 
hydrolysate -l- 14*75*; (2) recovery of 92*7 % the material in the form of the insoluble hydimone 
(M.r. 188®) and osazone (glucosazone) of mannose (m.p. 198*). 

{d) Elementary composition (sodium fusion tests) indicated no nit^rogen or phosphorus to 
be present, a slight trace of sulphur, which, as sulphate, was probably present as an impurity. 

In view of the fact that this carbohydrate possesses approximately one-third 
the reducing ability of mannose, all yields of reducing substance calculated as 
mannose, reported above, are actually three times as large. This reducing activity 

1 From the Industrial Chemical Hales Co., Mew York, N.Y., U.S.A. 
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may be intrinsic or due to the aqueous hydrolysis of the compound, in that 
boiling the substance with phenylhydrazine hydrochloride and sodium acetate 
in appropriate proportions produces the crystalline osazone of mannose (glu- 
cosazone). The optical activit}^ of the solutions and the identities of the 
derivatives (through melting-points and mixed melting-points) were carefully 
controlled, using crystalline^ mannose prepared by the method of Hudson and 
Sawyer [1917] as sub8equ(mtly improved by Horton [1921], Clark [1922] and 
Levene [193e5]. 

The water-soluble reducing substance in the cold water extract of the nut 
meal (preliminary washings) was also identified as being the compound described 
above. 

This carbohydrate has, as yet, not been identified with any reported in the 
literature. 

Summary. 

1. The presence of a mannanase in vc^getable ivory could not be confirmed. 

2. During the course of the investigation two new proteins were isolated, 
namely, albumin and globulin fractions. Further investigation eonct^ming the 
chemical nature and biological value of these proteins will b(‘ undertakim in our 
laboratory. 

3. The reducing substance in the incubation mixtures was isolated and 
found to be a simple derivative of mannose (probably a simple mannoside or 
lactone) which on acid hydrolysis is converted quantitatively into mannose. 

4. The presence of the reducing substance in the incubation mixture was due 
merely to its ready solubility in the warm (45'^) aqueous extract of the veg(^table 
ivory. The obse>rvation that the “treated’’ vegetable ivory yieldt'd no reducing 
substance is explained as due to the prolonged heating, followed by washings, 
resulting in removal of all the water-soluble reducing substance from the 
outer layer of the particles. This was confirmed by positive reducing tests 
obtained on the treated nut meal after being reground and incubated at 45"' for 
10 days. 

We wish to express our appreciation to Dr A. White for his most helpful 
suggestions. 
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Many methods for th(' determination of bile acids in blood have been published. 
Most of them have been tested here and have all becin found to give bad 
results, when small amounts of bib' acids were added to the blood. This is due 
chiefly to two circumstances which interfere with the exact determination; one 
is the difficulty of separating the bile acids from other blood constituents, and 
the other is the lack of a spt^cifie reaction for the former. 

General rent arks. 

In all methods so far described the proteins arc precipitated by treating the 
blood with neutral alcohol, aft(T which the bile acids are separated from the 
filtrate and the washings. This precipitation however entails a considerable loss 
of bile acids, which are carried down with the precipitate and cannot be washed 
out. This loss is gnuxter for taurocholie and glycocholic acids than for cholic 
acid. I have been abb* to avoid loss by precipitating the blood with alcohol to 
which a certain amount of saturated Ba(OH )2 8(jlution has just been added; in 
this way an alkalinity was reached which was strong tuiough to prevent precipita- 
tion of the bile acids with the proteins but not so strong as to cause solution of 
alkaliiK' hematin. Barium has also an advantage in its well-known capacity to 
precipitate the colouring matter of the blood. It is tluTcfore possible even to 
boil the alcoholic solution containing Ba without obtaining a pigmented filtrate. 
This ensures a much better extraction of the blood corpuscbvs and the precipitate 
than the use of cold alcohol as described by most of the jirt'vious investigators. 
When using Ba(OH )2 and alcohol there will appear now and then a colloidal 
protein -containing suspension (of Ba protein?), which cannot be filtered off*. This 
trouble can be avoided by increasing the Ba concentration, for instance by adding 
some Ba acetate to the Ba{OH )2 solution. Decoloration by aid of Ba(OH )2 has 
been used by several investigators [Aldrich and Bledsoe, 1928; Charlet, 1929; 
Stillman and Schaub, 1932; Scheinfinkel, 1933; Scott, 1934; Lichtman, 1934], 
btit they all use it after the precipitation with alcohol, when the loss of bile acids 
has already occurred. 

For the final determination of the bile acids different methods have been 
used. In most methods some modification of the Pettenkofer test is used, that 
with furfuraldehyde and sulphuric acid having proved to be the best. If the 
readings are made in more or less monochromatic light in the neighbourhood of 
the absorption maximum of the characteristic colour (6200 A. [Gregory and 
Pascoe, 1929]), the reaction may be considered as fairly specific. Thus Sullman 
and Schaub used the Pulferich “Stufenphotometer of Zeiss, and Scheinfinkel 
spectrographio readings. I have found the use of the “Stufenphotometer” to 
be the most convenient way for this determination in routine work. If in rare 
cases the bile acid-containing extract is coloured, or gives a colour with sulphuric 
acid, this does not prevent the determination, if the same solution without 

( 1519 ) 
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furfuraldehydi 5 is put into the comparison cup. The slight absorption of the 
furfuraldehyde itself can bo corrected for by subtraction of the reading of a pure 
furfurald<jhyde solution, treated in the same way as the extract. Unspecific 
absorption with furfuraldehyde generally has little or no effect if the right filter 
is chosen. I found the most suitable filter to be the 8 61, not, as Sullman and 
Schaub assert, the S 57. 

One disadvantage of these colour reactions must bo specially pointed out. 
Th(\v are absolutc'ly negative for deoxycholic acid and its conjugates, as has 
previously boon shown by Nakagawa and Fujikawa fl930J and by Roinhold and 
Wilson [1932]. The numerous statc^ments in tlu^ literature that this acid also 
gives a colour with furfuraldcdiyde and sulphuric acid must be due to insufficient 
purification. For this reason it is possible to determine only cholic acid and its 
conjugates in blood, since; all methods of determining the bile acids other than 
the modificxi Pottc'nkofer t(*st give very inaccurate values. For cholic acid and 
its conjugates, however, the furfuraldehyde test giv(\s very good values. With 
som(‘ modifications the procedure of Gregory and Pascoc^ proved to be the best. 
If the readings w(Te made in tlie “Htufenphoiomotor the extinction coefficients 
found were fairly proportional to the concentration between about 0*1 and 1 (K) 
mg./lOO ml. cholic acid. For cholic, glycocholic and taurocholic acids the 
extinction coefficient is proportional to the bile acid conttuit (Table I). 

The usual statement in the literature, that the t'eaction is not equimolecular 
for these different acids, is not correct. 




Table I. 


JCxtinction coefficients bile 


Concentration 


Extinction 

Halt - extinction eootH- 


of a(;id in 

Mjlh- 

coeffi(;icnt 

cient furfuraldehyde 

2 ml. of 

mg./lOO ml. 

molarity 

S (51 

molarity bile Halt 

1 ‘^0 furfuraldehyde 

-- 


0-046 

— 

Na cholatc 

(M 

0*(X12r> 

0*051 

2-00 


5 

01225 , 

0-288 

1-89 


100 

2-4510 

4-697 

1-90 

Na f»Iycoc’holate 

O'l 

0 0022 

0-050 

1-82 

5 

0-1075 

0-248 

1-88 


100 

2-1505 

4-107 

1-89 

Na taurocholate 

01 

0-0010 

0-040 

2-11 


5 

0-9709 

0-232 

1-93 


1(K) 

1-9417 

3-759 

l-9i 


Experimental. 

Reagents . 

(a) Absolute alcohol. 

(5) ^Saturated Ba(OH )2 solution in water with 0*4 % Ba acetate. The 
bottle should contain some crystalline Ba(OH) 2 . 

(c) Quartz sand. 

(d) H 2 SO 4 about 2 A. 

(e) NaOH about 2A". 

(/) Ethyl acetate, dried and neutralised if acid. 

(g) Water saturated with ethyl acetate; must be freshly prepared every 
time, as otherwise the ester will soon be hydrolysed. 

(h) H 2 SO 4 55 vol. % . 

(i) Furfuraldehyde 1 vol % in water. The furfuraldehyde must be freshly 
distilled. 
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Pipettes, carefully calibrated with 5 ml. blood or an exact 5 ml. “Record’’ 
syringe, a water- bath kept at a constant temperature of 65 ± r\ a good centrifuge, 
100 ml. volumetric flasks, an ordinary water-bath etc. 

Finally special tulxis for evaporation and extracjtion are needed, consisting 
of an upper part 10-8 cm. long and about 2-4 cm. in diameter connected 
through a thick- walled constriction with a bulb to hold about 5 ml., the exact 
5 ml. mark being in the constricted portion. The whole tube must holcl 25-30 ml. 
The mouth of the tube is provided with a ground glass stopper. The tubes should 
be made of thick, good glass, so that they stand lu‘ating in a boiling water-bath 
as well as centrifuging at 2000-3000 r.]).m. Tlu^y must be made to fit in a good 
centrifuge with about this speed. 

Into a KK) ml. volum<‘tric flask containing about 50 ml. absolute alc.oliol ar(‘ 
introduced 2 ml, of the Ba{OH) 2 -Ba acetate solution; immediately thereafter 
exactly 5 ml. of th(^ blood which is to be examimHi are added and tlu'. flask is 
thoroughly shaken. The blood must not contain oxalate or citrate, as these salts 
precipitate the barium ; it is of no importance however w^hether the blood is 
defibrinated and taken with pipette or injetded w'itb an exact syringt^ as it comes 
from tlie blood vessel. A few grains of quartz sand are then atlded, and the 
flask is placed in a boiling w^ater-bath for about 5 minutes. During the first 
1-2 minutes it should bt^ shaken to prevent the prccipitalxMl protein from 
sticking to the walls. Neutral alcohol is added aft(T the boiling to nearly 100 ml., 
and th(' flask is k<'pt for oiu^ day or until the supernatant fluid is clear. 

The volume is then brought exactly to 100 ml. and the ahohol filtered off, 
the first part of the alcohol being allowid to pass the filter two or three times 
until quite clear and (olourless. The precipitate must, not be washed, since the 
bile acids are ev<uily distributed between the precipitate and the fluid. 

The excess of barium is then precipitated with about 0*3 ml. 2 N sulphuric 
acid. When the barium sulphate has flocculated, the solution is again made' 
alkaline to litmus with about 0*5 ml. 2N NaOH. The alcoholic solution is 
filtert'd or decanted from the precipitates. The quantity of the filtrate usua-lly 
reaches 80 ml. 

Two amounts of this solution of exactly 30 ml. ea(‘h must then be (vaporated 
in two of the special tubes and treated as duplicators. The best way is to measure 
15 ml. into ea(*h tube and to evaporate this amount together with some grains of 
quartz sand in a boiling water-bath to a few rnl. Then the remaining 15 ml. 
should be added and evaporated until only a few drops remain. Octyl alcohol 
must not be added during the evaporation, since it will dissolve some bile salt, 
which then can scarcely be got into aqueous solution. 

After the evaporation about 4 ml. of water are added, and tlie tube is heated 
again in the water-bath for 10-15 minutes to secure complete solution of the bile 
salts. The walls of the tubes must lx* thoroughly washed with the hot water from 
the lower part of the tubes. When the tubes have cooled, the contents are made 
strongly alkaline by about 0*5 ml. 2N NaOH. The lipoids must be extracted with 
ethyl acetate. The alkalisation is necessary to prevent extraction of the bile 
acids. The ethyl acetate often contains free acetic acid and as the uncon- 
jugated bile acids are rather weak, they will be extracted at a slightly alkaline 
reaction. 

To each tube about 10 ml. ethyl acetate are added; the tubes are stoppered 
and thoroughly shaken three or four times. The stopper is then removed, without 
unnecessary loss, and the tubes are centrifuged 10-20 minutes until complete 
separation of the water and ethyl acetate layers is obtained. The lower 
aqueous layer is then diluted to exactly 5 ml. with water saturated with ethyl 
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acetate introduced by means of a fine pipette. The tubes are again shaken and 
centrifuged, and the ethyl acetate together with the thin surface-layer on the 
water-fraction, consisting of insohible substances, is sucked olf. The aqueous 
solution fraction is then filtered off or decanted. A slight turbidity does not 
matter, as it will disappear on treatment with H2SO4. 2 ml. of the solution are 
measured into each of two ordinary test tubes. Into a third tube 2 ml. of a 
known standard solution of bile acid are introduced {e.g, 5 mg./lOO ml. cholic 
acid in diluted NaOH). A fourth tube should contain 2 ml. of pure water. To all 
the test-tul)es 5 ml . 55 % sulphuric acid are added. To one of the two tubes 
containing blood extract 1 ml. of water is added, and to the other tubes 1 ml. of 
1 % furfuraldehyde solution. The tubes are vigorously shaken and placed in a 
water-bath at After exactly 20 minutes they are removed and quickly 
cooled in tap-water. A violet-blue colour in the tubes with furfuraldehyde 
indicates the presence of bile acids. Very rarely there appears a turbidity, 
caused by fatty acids, but even if this occurs it does not prevent the reading, since 
it is similar in the furfuraldehyde tube and in the control. 

The solutions are then to be read in the photometer. This should be done 
within about 30 minutes, as the colour then begins to fade. The blood extract 
solution with furfuraldehyde should bo read against the one without furfur- 
aldehyde as control, the non-significant colours thus being eliminated. The 
standard and the furfuraldehyde blank are to bo read against water. The concen- 
tration of bile acids, expressed as cholic acid, may then be calculated according 
to the usual formula : 

cone, of _ coiic. of oxt. coelf. of the unknown - ext. coeff . of the furfural dehyde 

unknown ““standard ^ ext. coeff. of the standard - ext. coeff. of tho furfuraldehyde * 

For larger series it is most convenient to plot the extinction coefficient values of 
the furfuraldehyde and of the standard in a coordinate system. The concentra- 
tions of the unknown may then be road by plotting their extinction coefficient 
values on the straight line connecting these two points. The concentration found 
is 3/10 of that in the original blood sample. 

Discussion. 

To test the accuracy of the method a large number of determinations have 
been made on defibrinated blood, to which known concentrations of different 
bile acids had been added. Some few examples of these experiments are given 
in Table II. 

There is a possibility that the distribution of the bile salts bc^tween plasma 
and corpuscles might be different in the addition experiments and in blood from 
real cases of jaundice. To make sure if the bile acids in the corpuscles were 
quantitatively extracted by the alcohol and evenly distributed between precipi- 
tate and filtrate, the blood from two cases of jaundice, one mild and one severe, 
was tested. One j)art of each sample was treated in the usual way, another part 
was haomolysed with alkali, and thereafter treated like the first. Before and 
after precipitation with Ba(OH)2 and alcohol the excess of alkali was neutralised 
with the calculated amount of HCl. A third pa^l) was also treated like the first, but 
the precipitate was extracted with alcohol in a Soxhlet apparatus for 5 hours. 
The extract was added to the first filtrate and the solution then treated in the 
usual way. Within the limits of the ordinary errors of the method all gave the 
same value for the respective original blood (Table III). 

At concentrations exceeding about 5 mg./lOO ml. the method gave values 
with at the most 6-8 % errors, which were always losses. In most cases the 
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Blood from 
Man 1 


Man TT 


C'CMV I 


fSlieep I 


Oat 1 


Rabbit I 


Table II. 



Concentration of 




cholic acid part 
from added bile 

Cholic acid 

Cholic acid 


salt 

found 

calculated 

Na salt added of acid 

mg./lOO ml. 

mg./lOO ml. 

mg./lOO ml. 

0 

0 

1-3 

— 

U 

0 

1-5 

— 

Glycocliolic 

50 

6-2 

6-4 

50 

6-0 

6-4 


250 

26-0 

26-4 


250 

25-1 

26-4 


KMHJ 

98-2 

101-4 


1000 

96-7 

101-4 

Taurocholic 

50 

6-5 

6-4 


50 

6-1 

6-4 


500 

49-0 

51-4 


50-0 

48-1 

51-4 

Cholw 

50 

6-4 

6-4 


50 

6-0 

6-4 


100 

11-0 

11-6 

9* 

100 

11-8 

11-6 

0 

0 

1-8 

— 

0 

0 

0-6 

— 

Glycoeholic 

2-5 

3-0 

3-3 

2-5 

2-9 

3-3 

Taurocholic 

2-5 

2 2 

3*3 


2-5 

2-9 

3-3 

Cholic 

2-5 

3-3 

3-3 


2*5 

3-0 

3 3 


100-0 

98-0 

100-8 


1000 

95-2 

100-8 

0 

0 

2-7 

— 

0 

0 

3-0 

— 

Glycoeholic 

5-0 

.5-0 

7-2 

7-3 

7-85 

7-85 

Tanroc’holic 

5-0 

7-8 

7-85 


5-0 

7-5 

7-85 

Cholic 

5-0 

7-8 

7-85 


5-0 

7-3 

7-85 

0 

0 

1-5 

— 

0 

0 

1-6 

— 

Glycoeholic 

10-0 

10-0 

11-2 

11-4 

11-55 

11-65 

0 

0 

0-9 

— 

0 

0 

M 

— 

Glycoeholic 

5-0 

6-U 

6-0 

10-0 

11-6 

n -0 

Tanrocholic 

5-0 

5-8 

6-0 

tf 

10-0 

10-8 

11-0 

0 

0 

0-3 


0 

0 

0-2 

— 

Glycoeholic 

5-0 

25-0 

5-1 

25-0 

5-25 

25-25 

Taurocholic 

50 

4-8 

5-25 


250 

24-7 

25*25 


errors were much. less. They were chiefly duo to decomposition of bile acids 
during the evaporation. This could be shown by adding a known amount of bile 
acids immediately before and immediately after the evaporation to two different 
tubes with the same extract. The difference between the two tubes was as a rule 
equal to the usual errors. At lower concentrations however the proportional 
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Table ITI. 

Treatment 

mg./lOO ml. cholic 
acid average 

I 

As usual 

4-9 

I 

Haemolysed 

5*0 

1 

Soxhlet extract 

5-0 

Jl 

As usual 

131 

11 

Haemolysed 

12*9 

11 

Soxhlet extract 

13-2 


errors increased with decreasing concentration, and in normal blood they might 
be 20 % or even more. 

It might be doubted whether the low values found for normal blood really 
correspoiuh'd to bile aeids, or whether they were due to some unspecific reaction 
with the furfuraldehyde. Then^ are, however, some facts indicating that bile 
acids really (h'termined. One is the A^ery low normal value for rabbit. It is 
well known that rabbit bile contains mostly deoxyeholie acid and proportionally 
little cholic acid. It may perhaps be supposed that the same proportions occur 
in the blood (as mt'utioned above, deoxyeholie acid does not give any colour 
reaction). There is no reason why rabbit blood should contain loss of the 
substances, giving an unspecific n^action, than blood from other species. 

Another circumstance pointing in the same direction is the fact that, if tlu^ 
final aqueous fraction of the blood was treated with lanthanum acetate, (^very 
trace of ih(' chroinogeiiic matter was removed. This was not the eas(' if for in- 
stance iron, lead or mercury ions were used. This accords with the observation 
that of numerous metallic ions tested only lanthanum was able to precipitate^ 
the bile acids completely both from slightly acid and from alkaline solution. 

As a preliminary observation some results may be recorded which witc ob- 
taiiKMi from 19 healthy men, 19-25 years of age. The cholic acid (ionttuit of the 
blood varied from ()-6 to 2*2 rag./lOO ml., average !•(> mg./U)0 ml. 
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Methods^ for the purification of diphtheria toxoid may be divided into two 
cla88(»s; thos(? which give a moderate degree of purification and a high yh^ld, 
and those which give a high degree of purifi(;ation and a yield which varies 
within wide limits. Among the latter is the method first applied to toxin by 
Glcnny and Walpole [1915] and later modified by Watson and Wallace [1924] 
for toxin and by Watson and Langstaff [1920] for toxoid. 

The method of Watson and Langstaff depends on the fac;t that toxoid is 
I)rccipitated from aqueous solution in the range* 3*8 to 4-4. Tlu*. precipitated 
toxoid is in a high stat(^ of purity relative to crude toxoid solution but yields 
may vary with diff(Tent toxoid preparations from 5 to 90 %. 

It seemed reasonabh* to assume that the low yields which are often obtained 
by this method might be due not to true solubility of toxoid in tlui acid solution 
but eith(*r to a slow rate of preci])itation or to the presence of substances in the 
solution which int(*rfer(i with precipitation. Granting tlu* correctness of tuther 
of these* suppositions, a toxoid once precipitated should not r(‘dissolve in a solution 
of pji 3-8 to 4‘4. The work which was involved in attempts to jirove or dispi’ove 
this assumption regarding the solubility of toxoid within a (5ertain range of 
acidity resulted in the methods of purification which are described in this paper, 
Ja brief, these methods depend upon precipitation of toxoid in the p^ range 
3*8 to 4-4 by precipitating agents which may also precipitate much other 
material, followed by nunoval, under the same conditions of acidity, of the 
precipitating agent and constiqueiitly of other material soluble within the range 
of insolubility of the toxoid. 

Method J. 

Precipitation by ferric chloride. 

If to a toxoid sufficient ferric chloride solution be added and the reaction of 
the mixture adjusted to p^ 4*2 a heavy brownish coloured precipitate which 
contains most of the toxoid is formed. If now a citrate buffer p^i 4*2 in the 
proper amount be added to the whole mixture the greater part of the precipitate 
will shortly disappear leaving a small amount of lighter coloured precipitate. 
The pui’ity of the toxoid contained in this precipitate is of the order of that 
obtained by the method of Watson and Langstaff but the yields are consistently 
higher. Various steps in the method will be dealt with under separate headings. 

(a) The amount of ferric chloride required for maximum 2 ^recipitation. The 
results shown in Table I were obtained as follows. 3-5 % ferric chloride 
solution was added in varying amounts to 50 ml. portions of toxoid solution 
containing 1 % sodium acetate; the reaction of each mixture was adjusted to 
4*2 by the addition of N HCl. After about 1 hour the solutions were centri- 
fuged, the supernatant liquids poured off and the precipitates dissolved in water 
^ A fairly complete review of existing methods has been given in a recent paper by Leonard 
and Holm [1933]. 

( 1526 ) 97—2 
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Table I. Precipitation of 60 ml. portions of toxoid by ferric chloride. 


Ferric chloride 

Yield 

ml. 3-5 % 

0/ 

/o 

0*4 

70 

()•« 

74 

1-6 

84 

3*2 

100 

6*4 

91 


by the addition of solid sodium citrate. The amount of sodium citrate added 
was such as to give a final concentration of 2 % . A short heating at 45^ was 
used to facilitate solution. The toxoid content of the solutions was then deter- 
mined by the flocculation method. M, L. Smith [1932] had shown that sodium 
citrate could be used to dissolve the precipitate formed by the addition of alum 
to toxoid and that such a solution gave a specific floccmlation with antitoxin. 
Citrate can also be used to dissolve the precipitate formed by the addition of 
ferric chloride to toxoid, and the solution so formed will flocculate specifically 
with antitoxin. The data given in the table show that for 60 ml. of the toxoid 
preparation used, 3*2 ml. of the ferric chloride solution were suflScient for pre- 
cipitation of the toxoid. The minimum amount of ferric chloride required for 
the precipitation of toxoid varies with dilferent preparations but for the toxoids 
which we have used it has been found that ferric chloride in the proportion of 
1 vol. of 3-5 % solution to 10 vols. of toxoid solution precipitates the maximum 
amount of toxoid. 

(h) The adjustment of the pjj. For convenience in adjusting the pji of the 
toxoid solutions solid sodium acetate was added to a concentration of 1 %. 
This was done before the addition of ferric chloride and hydrochloric acid. The 
reactions of the solutions were determined by the spot plate method of Haas 
[1919] using bromocresol green as indicator. Determinations by this method 
were checked from time to time by measurements with a glass electrode^. 

(c) Citrate buffer. The amount and the manner of addition. In order to remove 
iron from the ferric chloride precipitate, a conc(*ntrated citrate buffer was used. 
Tliis was pi*epared by mixing in the proper proportions the following solutions : 
(1) sodium citrate 307 g. per litre and (2) citric acid 420 g. per litre. The pjj of 
the* concentrated buffer prepared from these two solutions was determined after 
diluting 20 times with water. With the chemicals used by us a mixture in the 
proportion of 1 ml. of the sodium citrate solution to 0*65 ml. of the citric acid 
solution gave when diluted 20 times with water approximately p^ 4*2. 

In addition to pj^ there are two other factors which may affect the yield of 
toxoid obtained by extracition of the ferric chloride precipitate with citrate 
buffer, viz. the amount of buffer and the rate at which the buffer is added. In 
Table II are summarised the results of an experiment on the effect of the addition 
of different amounts of citrate buffer to toxoid precipitated with ferric chloride. 
Five sampltjs of a toxoid, 50 ml. each, were precipitated with ferric chloride and 
adjusted to p^ 4*0, After these solutions had stood for 1 hour different amounts 
of citrate buffer p^ 4-0 were added quickly and the mixtures kept another hour. 
The undissolved precipitates were removed by centrifuging, dissolved in water 
and the Lf values determined. The results in Table II show that the addition 
of 2 ml. of citrate buffer gave a high yield of purified toxoid and that the addition 
of larger amounts of citrate buffer resulted in lower yields. 

> In measuring the B.M.r. of the glass eleotrode-calomel chain, a circuit asrxangement of the 
type described by V. G. Smith [1934J was used. 
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Table II. Effect of citrate buffer on yields. 


Cone, citrate buffer 

Pu 4-2 

Yield 

Nitro^jjen 

ml. 

O' 

'O 

rng./Lf 

0 

95 

00350 

1 

95 

0*0048 

2 

95 

0*0020 

4 

79 

0*0021 

8 

75 

0*0021 


The lower yields resulting from the addition of larger amounts of citrate 
buffer were found to depend on the rate of addition of the citrate. This is shown 
by the following experiment. Two 50 ml. samples of toxoid were precipitated 
with feme chloride and the of each was adjusted to 4*2. After 1 hour 16 ml. 
of citrate buffer, pn 4*2, were added quickly to one sample and to the other the 
buffer was added fractionally 1 ml. at a time with an interval of 10 minutes 
between additions. An hour after the last addition of buffer, the two solutions 
were centrifuged, the precipitates removed, dissolved in water and the Lf values 
determined. The results are shown in Table III. 

Table HI. Effect on yield of rate of addition of citrate buffer. 


Cone, citrate buffer 



Pii 4*2 

Manner of addition 

Yield 

ml. 

of buffer 

% 

10 

Quickly 

68 

16 

tSIoM'ly 

85 


The following are the details of the ferric chloride method of purification 
which we have applied to a number of toxoid preparations. 

1 g. of sodium acetate is dissolved in 100 ml. crude toxoid and to this 10 ml. 
of 3*5 % ferric chloride solution are added: N HOI is then added to p^ 4*2 and 
the mixture is kept for 1-2 hours. Next, 4 ml. concentrated chft’ate buffer, 
p^ 4*2, are added drop by drop with constant stirring over 30 minutes and the 
solution is again kept for 1-2 hours. The undissolved precipitate is removed by 
centrifuging, washed with dilute (1 in 20) citrate buffer pjj 4*2 and dissolved in 
saline by the careful addition of dilute NaOH to pj^ 7*0-7*5. Using the various 
chemicals in the proportions just set forth, wo have successfully applied this 
technique to relatively large lots of toxoid, up to 17 litres per lot. 

It is impoi^tant to note that the ferric chloride and the citrat(^ should be 
added to the toxoid in the order given. If, for example, citrate is added before 
ferric chloride a low yield of toxoid may result. 

When purifying large amounts of toxoid we have used a Sharpies centrifuge, 
the bowl of which was lined with cellophane to facilitate the collection of the 
precipitate. 

Table IV. Yields by ferric chloride-citrate method. 


Lot 

Yield 

Lot 

Yield 

Lot 

Yield 

Lot 

Yield 

No. 

O/ 

/o 

No. 

/o 

No. 

o/ 

/o 

No. 

O/ 

0 

531 

90 

649 

100 

220 

98 

680 

100 

705 

87 

0629 

94 

624 

84 

651 

100 

723 

81 

0487 

80 

525 

85 

515 

100 

673 

90 

656 

86 

A 

82 

722 

94 

690 

72 

272 

76 

267 

96 

748 

100 

660 

86 

279 

83 

609 

87 

230 

86 

687 

77 

643 

86 

694 

100 

589 

100 
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Yields obtained by this ferric chloride-citrate method are shown in Table IV 
and Table V gives a comparison of the yields obtahied by acid precipitation and 
by the ferric chloride-citrate method. 


Table V. Comparison of yields by acid precipitation and 
ferric chloride-citrate method. 



Acid-pptn. 

FeOla-citrate 


Aeid-pptn. 

FeClj-citrate 


Yield 

Yitdd 


Yield 

Yield 

Toxoid 

/O 

o/ 

n) 

Toxoid 

0/ 

/O 

% 

257 

36 

96 

616 

40 

100 

609 

67 

87 

625 

30 

86 

694 

36 

100 

722 

41 

94 

680 

24 

100 

748 

32 

100 

661 

32 

100 





Table VI gives data on the composition of purified toxoid obtained from 
two different toxoid preparations by the ferric chloride -citrates method. 


Table VI. Analytical data for two purified toxoids. 


Yield 

O' 

'O 

Lf/ml. 

Total solids 
nig./ml. 

Ash 

mg./inl. 

Fe. 

mg. /ml. 

Nitrogen 

mg./Lf 

77 

100 

216 

0066 

0033 

0-0022 

76 

JOO 

0-84 

0-22 

0()06 

0-0007 


Other workers have reported values for the nitrogen eontf^ni of acid -precipi- 
tated toxoid ranging from 0*(XX)f> to 0*01)9 mg./Lf. The data in the table show 
that toxoid purified by the method described above is as pure as that obtained 
by the acid precipitation method. 

With a few lots of toxoid we have compared the yields obtained with the 
fc^rric chloride -citrate method and with the same method in which ferric* chloride 
was replaced by potassium alum. Th(‘ yields with potassium alum were con- 
sistently lower than with f(‘rric chloride. 

Method IT. 

Precipitation by acetone. 

The principles involved in this ini^.thod of purification are the same as those 
in the ferric cliloride- citrate method. 

Tile following are details. Sodium acetate is added to crude toxoid to give 
1 % (concentration and the reaction of the solution is adjusted to p^ 4*2 with 
N HCl. The toxoid is then precipitated by the addition of 2 vols. of acetone, 
the precipitate being separated by centrifuging and the supernatant fluid poured 
off. Part of the supernatant fluid (1/30 vol.) is returned to the precipitate and 
to the resulting mixture aix^tate bufter, pj.j 4*2, in amount equal to 1/5 the volume 
of the original toxoid solution is added slowly and with constant stirring. The 
mixture is kept fijr 1 hour and acetate buffer is again added in amount sufficient 
to make the total volume of the ac^etate buffer equal to one-half the volume of 
the crude toxoid solution. Tlic small amount of precipitate which remains un- 
dissolved is purified toxoid. This precipitate is separated by centrifuging, washed 
with acetate buffer, jpjj 4*2, and dissolved in water with the addition of sodium 
hydroxide. 

If good yields are to be obtained it is important that those substances con- 
tained in the acetone precipitate which are soluble in water at pjj 4*2 dissolve 
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slowly in the acetate buffer. This is accomplished by the technique which has 
already been described viz. by returning^ some of the acetone supernatant fluid 
to the precipitate and by slowly adding acetate buffer. Once the water-soluble 
substances have been removed, the purified toxoid is insoluble in acetate buffer, 

The importance of the mamier of addition of acetate buffer to the acetone 
precipitate is shown in Table VTI. 

Table VII. Extraction of acetone precipitate, by two additions of acetate buffer. 

Acetate buffer 4*2 


t addition 

2nd addition 

Yield 

ml. 

ml. 

O'' 

o 

1 

4tt 

30 

2 

48 

30 

4 

40 

71 

8 

42 

75 


34 

71 

ri2 

18 

57 

Acetone precipitate not extracted 

75 


The data for this table were obtained as follows : 50 ml. portions of toxoid 
were prccipitatc^d by acetom* in the maniuT already described. The mixtures were 
(iontrifuged and the supernatant fluids poured off and to eat^h precipitate wore 
added 5 ml. of the acetone supernatant fluid and thc^ amount of a(;etate buffer, 
pfj 4*2, shown in the table und(T “1st addition.’' The precipitates were broken 
up, stinted with the liquid and kept for about 1 hour. Acetate buffer was again 
added to each mixture to give a final volume of 50 ml. Finally the precipitates 
were removed by centrifuging and dissolved in saline by the addition of sodium 
hydroxide. 

It should be noted that the final concentrations of acetone and acetate were' 
the same for all the solutions but that the boat yields were obtained in those 
(jases in which 4-lfi ml. of actuate buffer were first added to th(‘ 5 ml. of acetone 
supernatant fluid. 

Table VllI gives results of the acetone method of purification with a number 
of toxoid preparatioiivS. 


Table VTIl. Yields by acetone -acetate buffer method. 


Toxoid 

Yield 

Toxoid 

Yield 

Toxoid 

Yield 

No. 

() ' 

/O 

No. 

O' 

/O 

No. 

O ' 

C) 

272 

80 

750 

74 

769 

S2 

680 

SO 

220 

73 

643 

86 

717 

83 

730 

94 

279 

74 

939 

96 

768 

82 

H.S. 

86 

749 

87 






Diphtheria toxoid may also be purified by a technique similar to that given 
above, in which ethyl alcohol (5 vols.) is used in place of acetone (2 vols.). 

Method III. 

Adsorption by ferric phosphate. 

A number of methods have been described for tlie purification of diphtheria 
toxin and diphtheria toxoid which depend on adsorption or. (;ertain insoluble 
substances and elution of the adsorbed toxin or toxoid by a suitable solvent 
[Abt, 1928; Gross, 1929; Ohyama, 1931 ; Schmidt et al., 1931 ; Siebenmann, 1932]. 
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Since ferric phosphate is insoluble at pjj 4-2 and since it may be dissolvM 
in citrate buflFer we decided to investigate the possibility of the application of 
the principles already described to the purification of toxoid by adsorption on 
ferric phosphate. 

A suspension of ferric phosphate was prepared by mixing 35 ml, of 3^6 % 
ferric chloride and 10 ml. of 10 % potassium dihydrogen phosphate and ad- 
justing to 4-5 by the addition of sodium hydroxide. The resulting precipitate 
was removed by centrifuging, washed twice with acid water, 4»5, and sus- 
pended in sufficient saline to give a volume of 70 ml. and the pjj adjusted to 4*2. 

10 ml. amounts of this suspension were added to 60 ml. amounts of four 
different toxoid preparations to each of which had been added 0-5 g. of sodium 
acetate. Hydrochloric acid was then added to each mixture to 4*2 and these 
were kept for 3 hours with frequent shakings. The suspensions were centrifuged 
and the precipitates washed once with saline, p^ 4*2, and resuspended in 40 ml. 
of saline. To each of these suspensions 8 ml. citrate buffer, p^ 4*2, were added. 
The buffer was added slowly 1 ml. at a time with an interval of about 10 minutes 
between eacjh addition. By this treatment the greater parts of the precipitators 
were dissolved. The undissolved portions were removed by centrifuging and 
dissolved in saline by the addition of NaOH to Pii 7*0-“7*5. 

The jdelds of toxoid obtained are shown in Table IX along with the yields 
on the same toxoids purified by the ferric chloride-citrate method. 


Toxoid 

No. 

220 

52 

680 

643 


Table IX. 


Ferric chloride-citrate 
Yield 
0 / 

/O 

100 

75 

85 

80 


Ferric 


phosphate adsorption 
Yield 


100 

70 

80 


85 


It is of some interest to note that for the particular adsorption complex, 
ferric phosphate-toxoid, we were able to separate the adsorbed toxoid by dis- 
solving the adsorbing substance leaving the toxoid undissolved rather than by 
separating the toxoid with a suitable eluent. 

Table X gives a comparison of the purifications effected by the different 
procedures which have been described. 


Table X. 


Treatment 

Yield 

O/ 

/o 

Nitrogen 

mg./Lf 

Original toxoid 

— 

0*160 

FeClg — precipitate 

100 

0*0518 

FeClj ppt. — extracted 

93 

0*00125 

Alcohol — precipitate 

93 

00279 

Alcohol ppt. — extracted 

73 

0*00088 

Acetone — precipitate 

93 

00367 

Acetone ppt. — extracted 

83 

000111 

Ferric phosphate 

88 

0*00077 


It will be sebn that the degree of purification is of the same order for all 
three methods. 
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SUMMAEY. 

Methods of purification have been described by which consistently good 
yields of diphtheria toxoid in a high state of purity may be rapidly separated 
from solutions of crude toxoid. These methods consist essentially of precipitation 
of toxoid by certain precipitating agents and removal from the precipitate of 
material soluble in the acid ranges of insolubility of the toxoid. 

Toxoids purified by the methods described have been used on laboratory 
animals both as primary and secondary stimuli. The antigenic response, Lf 
per Lf, was of the order of that obtained with unpurified toxoids. 

We wish to express our appreciation to Dr J. G. FitzGerald, Director of the 
Connaught Laboratories, for his interest in this work. 
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CLXXXIV^ THE COAGULATION AND INACTIVA- 
TION OF EMULSIN BY HEAT: INFLUENCES 
OF CRYSTALLOIDAL AND OF 
COLLOIDAL SOLUTES. 

By DENIS LJ.EWELLYN FOX and LOIS LOVELL SORKNESS. 

From tlm Scripps InMitntion of Oceanography, University of California, 

La Jolla, California, 

(BeceAved April 20th, ]9S5.) 

It was sliowii by Haiizlik and Butt [1928] that Congo red and certain other 
colloidal dy(‘s can prevent death in animals injected with otherwises fatal doses 
of drugs and toxins. Hanzlik [1932] also showed that a certain series of dyes, 
viz. Congo red, vital red, trypan rod, mercurochrome, rose Bengal and sodium 
fluoreset'in prevented the coagulation in intro of whole serum (horse) or egg 
albumin on heating to boiling or adding mercuric chloride. Certain othei* colloids, 
colloidal dyes, and crystalloidal dyes listed by Hanzlik did not prevent heat 
<!oagulation of serum and egg albumin under the same conditions. 

Th(‘ ch^monstration of the protective action of Congo red and certain other 
dy(^s ujon egg albumin and tissue extracts was repeated by one of us (1). L. F.) 
with the same general results as those reported by Hanzlik. Since the addition 
of (icrtain substanc(‘s to colloidal systems prevents the radic;al changes in structure 
and dispersion which otherwise attend heating, it was thought profitable to 
investigate the question of whether the function of a colloidally dispersed 
protein-containing e'lizyme could be preserved, in part at least, by adding similar 
agents to its solutions before heating. Statements hav(‘ been made to the eflFect 
that various anticoagulating agents do not prevent tht^ inactivation of enzymes 
by various kinds of treatment. Ter Meulen [1905] found that emulsin was pro- 
tecte<l at 5F by both glucose and lactose, and inhibited only by th(^ former. 
Waldschmidt-Leitz [1929] cites the work of numerous investigators who studied 
the inactivation of enzym<\s, notably Euler and his co-workers who investigated 
the inactivation of a saccharase by mer(*uric chloiide and the regtuieration of 
the activity by the precipitation of the' mercuric ion by hydrogen sulphide. 
Sucrose was shown to protect saccharase against poisoning by m(?rcuric ion, 
but not by silver ion. Euhu* and Myrback inactivated saccharase with organic 
bases and amiulled this inactivation by aldehydes, which led to the conclusion 
that the original inactivation of the saccharase was due to the formation of some 
kind of aldehyde- amiiK^ compound, Haas and Hill [1928] cite the work of 
several different investigators who studied the restoration to active function of 
enzymn^s which had been inactivated by heat; thus Falk brought about the 
partial recovery of lipase action by the addition of manganese; Biederraann 
discovered that vigorous shaking with air restored the activity of salivary 
amylase which had been heated to 100°, whilst Gallagher found that heating the 
peroxidase of the mangold at 100° for a short interval temporarily destroyed 
the function of the enzyme, but that it recovered its properties on standing for 
a time in the cold ; the addition of iron and an aldehyde, both of which occurred 
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normally in the enzyme preparation, was observed to increase the activity of 
the peroxidase. Space does not permit further discussion here of the numerous 
experiments upon the inactivation of enzymes by various workers. 

In the present work attention was devoted to the possible influences of the 
hydrogen ion, certain colloidal flyes and two sugars, upon the threshold of heat 
inactivation of emulsin^. In this j)roblem, we have not paid attention to relative 
rates of inactivation of emulsin at different temperatures and under different 
conditions, nor have w(' been concerned with the measurement of the quantity 
of HCN produced from the hydrolysis of amygdalin by emulsin treated in 
various ways. We merely measured, as closely as possible by repeated trials, 
the temperature above whi(‘h a cojitrolk'd quantity and concentration of emulsin 
was inactivated by 30 minutes of incubation. The test for residual enzymic 
function following heat treatment was made by adding a definite quantity of 
the substrate, amygdalin, in the same concentration throughout all the ex- 
periments, and then incubating the mixtur(‘ at a moderate temperature (39'^), 
maintaining in the system a sensitive indicator to reveal the formation of any 
HCN. Two different int(‘rvals were employed for this test: 1 hour at .SO"’, and 
overnight in the water-bath which was allowed to cool to room temperature 
during that int(Tval. The substrate employed throughout th(‘ work was pure 
amygdalin 2. This particular system was tunployed because there was an obvious 
advantage^ in Ixung able to test for HCN, one of the f)roduets of hydrolysis, in 
the air, over the colloidal and usually highly coloured lic^uid, and thus to deter- 
mine whether or not the t‘uzyme was still active. 

A solution of 1 % amygdalin in hoik'd distilled water was prej)ared and kept 
under toluene as a 2)r('S('rvative. A similar solution of 1 % emulsin was pre- 
pared, filtered through paper and stored in like manner. Tlu' amygdalin solution 
was shown to remain undecomposed and the emulsin solution to retain its 
enzymici function for an indefinite period (i.r, after several months). 

In all cases experiments were conducted in duplicate and repeated if nec'cs- 
sary, using mixtures of 1 ml. emulsin solution with 1 ml. of the solution whose 
protective action was being investigated. In control duplicates 1 ml. of distilled 
water was added in each case instead of the s('cond solution. The respective 
volumes were measured by pipette into glass-stoppered cylinders of 10 ml. or 
25 ml. capacity, thoroughly mixed, placed in a glycerol- bath, maintained at 
constant temperatun' insule a thermostatically controlled electric oven and 
incubated there for 30 minutes. At the t'ud of this int(‘rval the tubes were 
removed and cooled to 39° by immersion in a water-bath maintained at that 
temperature by thermostatic control. Tlu'ii 1 ml. of 1 % amygdalin 4-1 ml. of 
distilled water at 39° W(*re added to the experimental series of incaibated emulsin 
tubes, and thorough mixing was brought about by rapid swirling. The final volume 
was thus always brought to 4 ml. For the determination of the temperatures at 
which unprotected emulsin alone was inactivated in the 30-minute pre-heating 
interval, 1 ml. of 1 % emulsin solution 4-1 ml. distilled water only were mixed 
and subjected in duplicate to the incubation, after which 1 ml. of 1 % amygdalin 
solution 4- 1 ml. distilled water at 39° were added as usual. For th(^ regular 
controls, always conducted along with the experimental runs, provision was 
made to asceHain whether or not a particular substance which was being investi- 
gated for protective capacity exerted an^^ effects upon the hydrolysis of amygdalin 
itself, irrespective of the previous history of the emulsin : the emulsin was heated 
with an equal volume of distilled water, the other substances being added at 
the same time as was the amygdalin, after the incubation period, 

^ Eim^r and Amend. C. P. * Coleman and Bell, H. P. 
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After the addition of the amygdalin solution, the activity of the enzyme 
was tested for by suspending over the fluid in each tube a strip of alkaline 
sodium picrato paper (Guignard’s test), care being taken that the papers were 
diy enough to allow no transfer of picrate to the solution below. Guignard’s test 
is, under these circumstances, specific for HON, which reduces the picrate to 
picramate, causing the paper to change in colour from lemon-yellow, through 
orange, to brick -red. For confirmation, use can be made of the silver iodide test 
developed by one of us [Fox, 1934], Guignard’s test was shown by us to possess 
a sensitivity of 1 part HCN in 200,000 in a period of 1 hour, and of 1 : 4,000,000 


Table I, The influences of different solutions upon the temperature of 
heat inactivation of emulsin. 



Solution added to 
emulsin before 

Solution added to 
einulsin-aniygdalin 
system for 

Highest temperature not 
completely inactivating 
enzyme in 30 mins. 

As deter- As deter- 
mined in mined m 

J hour overnight 

Precipitation 

When substrate 
added and whole 
When enzyme incubated at 

Exp. 

heating 

enzyme test 

test 

test 

alone hf‘ated 

39° 

A 

nist. HgO (control) 

Dist. n,0 (control) 

730 

75° 

- 

- 

R 

HCl to give pij 1-97 

Dist. IlgO 

05*5 

70 

4 - immediately 



Dist. HgO (control) 

HC 1 ->Ph 

73 

75 

upon mixing 

'f 

Q 

HCl -yptr 2*97 

Dist. HgO 

73 

75 

+ (slight) 



Dlst. HjO (control) 

HCl ->;;h 2*97 

73 

75 


-h (slight) 

L 

Phosph. buffer p^ 4*62 
Dist. HjO (control) 

Dist. HjO 

72-72*5 

76 

+ 


Aio 

Pho.sph. buffer pi^ 4*52 

72-72*5 

70 

- 

+ 

N 

Phosph. buffer 0*0 
iJist. H/J (cotitrol) 

Dist. HjD 

72-73 

75 

-f 


A„ 

Phosph. buffer py 0*0 

73 

75 


•f 

M 

PhOvSph. buffer 6*9 

Dist. HjO 

70-71*5 

75 

+ above 74° 


An 

Dist. HjO (control) 

Phosph. buffer p^^ 6*0 

70-72 

75 

-* 


0 

Phosph. buffer 7*05 
Dist, HjO (control) 

Dist. HjO 

02 

72 

+ 


Aia 

Phosph. buffer 7*05 

70*5 

75 

- 

- 

P 

Pho 8 }>h. buffer pf^ 8*30 

Dist HjO 

59 

09 

+ 


A„ 

Dist, HjU (control) 

Phosph, buffer p^ 8*30 

71 ‘ 

75 

- 

- 

1 ) 

1 % neutral red 

Dist. HaO 

70 

70*5-71*5 

- 

- 

A* 

Dist. lIjO (control) 

1 % neutral red 

70*5-71*5 

70*6-71*5 

- 


E 

1 % fluorescein 

Dist. HjO 

02-03 

67 

— 


Aa 

Dist. H 4 O (control) 

1 ®'o fluore.scoin 

712-73*2 

74*5-75*8 

- 

- 

K 

1 % K^se Bengal 

Diat. Ua(J) Increased sensitivity to heat and 

+ 

Aft 

Dist. IlgO (c(mtrol) 

1 % rose Bengal inhibited the hydrolytic reactions - 

•+ 

B 

] % Cong<j red 

Dist HgO 

C}5-(Ki*8 

72 

— 

— 

Ai 

Dist. H 5 O (control) 

1 % Congo red 

73 

75 


- 

F 

0’5 % (’ongo red 

Dist. U/J 

68-09*1 

72-73*5 


.. 

A 4 

Dist. IlgO (control) 

0*5 % Congo red 

73 

74*5-75 

- 


G 

ODl % (>)iig(» red 

Dist HgO (control) 

Dist. H,0 

73*2-72*5 

75 



A, 

0*01 % Congo red 

72*2-72*5 

75 

- 

- 

H 

0*001 % Congo red 

Dist. HjO 

73 

76 

— 

+ (overnight only) 

A, 

Dist. HjO (control) 

0*001 % Congo red 

73 

76 

- 

•f (overnight only) 

I 

0*0005 % Congo ml 

Dist, H.O 

0*0005 % Congo red 

73 

76 H- (at 75 or above) 


Ar 

Dist. HjO (control) 

73 

76-70 


+ (after heating 
to 76°+) 

J 

1 % lactose 

Dist. HaO 

ca. 73 

ca. 75 


Aa 

Diat HjO (control) 

1 % lactose 

ca. 73 

ca. 76 

- 

+ (in hour period) 

S 

60 % glucose 

Dist. HjO (control) 

Dist. H«0 

76 

80 

+ 

1 


An 

60 % glucose 

71 

75 

- 

+ (slight) 

T 

25 % glucose 

Dist. HfO (control) 

Dist. HjO 

74 

80 

•f (slight) 


Ai8 

26 % glucnse 

73 

76 


+ (slight) 

u 

10 % glucose 

Dist. H,0 (control) 

Dist. HgO 

74 

78*6 

•f (slight) 


Aia 

10 % glucose 

73 

75(+) 


- (slight) 

V 

6 %gluC<MB 

Dist. HaO 

74 

78(+) 

(alight) 


A«, 

Dist HgO (control) 

$ % glucose 

ea, 73 

76 (-b) 

+ (slight) 
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in an overnight test. The silver iodide test is simple, absolutely specific, and 
possesses a sensitivity of about 1 : 2,000,000. 

The main experimental results are incorporated in Table T. Since there was 
always a short lag in the reattainment of the temperature of the glycerol- bath 
after the glass cylinders containing the enzyme solutions were placed in it, the 
30-minute incubation period was seldom at exactly one unvarying temperature. 
However, the initial drop and subsequent rise were seldom much greater than 
1*5*^, and sufficient repetitions were performed to allow such overlapping as to 
indicate closely the true threshold. The temperatures in the table are therefore 
very close to the true threshold values, although departures of less than V 
should hardly be regarded as significant. The values of 73° as the upper tem- 
perature limit at which 30-minute incubation would permit a subsequent positive 
test for activity in 1 hour, and 75° as the temperature limit as indicated by a 
subsequent overnight test, were obtained in repeated checks. 

The series of incubations in media of different ^jj values ranging from 1*97 
to 8‘3 was conducted originally to determine whether small but unsuspected 
Pjj factors affecting any of the protective exi)eriments would seriously vitiate 
the results. It is to be noted that only at the low of T97 and at the alkaline 
valiums does incubation of the enzyme significantly decrease the inactivation 
temperature threshold. The optimum range of values under the conditions 
of the experiment were thus from about 3*0 to ()*0. Th(‘ various dyes and sugar 
solutions did not, as far as could be determined, impart an alkaline reaction to 
the water in which they were dissolved. The of the emulsin solution and of 
the distilled water that was used in preparing the solution was close to 6*0. 
Whilst all the solutions in both experiments and controls in the series 
precipitated to different degrees the incubated enzyme, presumably owing to the 
presence of the electrolytes, it is of interest to note that at p^ values of from 
6*6 up, the controls (wherein the emulsin was incubated in distilled water, the 
buflier being added only at the time that the amygdalin was introduced for the 
activity test) showed no precipitate's, the amygdalin presumably proteicting the 
enzyme from precipitation at the higher pj^ values during the test. 

Congo red, a colloidal dye which prevents the coagulation of heated egg 
albumin solutions, did not raise the inactivation tempei‘aturo of emulsin, but 
actually lowered it considerably when solutions of 1 % of the dye were 
added to the enzyme solution before the heating. As tlic^ concentration 
of the added dyo was successively decreased, the degree of lowering of the 
inactivation temperature of the enzyme was steadUy decieased in propor- 
tion; the presence of 0*001 % of the dye exerted perhaps a slight protective 
influence. None of the Congo red solutions affected the hydrolysis tests in 
control experiments. 

Fluorescein and rose Bengal, colloidal dyes which also prevent the coagula- 
tion of heated solutions of egg albumin, not only failed to protect the enzyme 
against inactivation by heat, but increased its sensitivity, so that the inactiva- 
tion temperatmes with either dye present were considerably lower. Both of 
these dyes also exerted inhibitory influences on hydrolysis in the controls. The 
same was found to be true of neutral red, a dye which does not prevent the 
heat coagulation of albumin. 

The colloidal dyes Congo red, fluorescein and rose Bengal, as would be 
expected, produced no HCN from amygdalin when mixtures of the glucoside 
and the respective dyes were incubated for several days. 

Lactose at a concentration of 1 % exerted no measurable effects upon the 
temperature of inactivation, nor did it interfere with hydrolysis. Higher con- 
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centrations of lactose were not employed since this sugar, being a jS-glucoside, 
is hydrolysed by emulsin, and yields glucose as one of the products. 

Glucose, one of thc' by-products of the hydrolysis of amygdalin, was observed 
to exert a certain degree of protective action at various concentrations, causing 
tolerance toward slightly higher tc^mperatures of incubation. The highest con- 
centration of glucose employed exerted a slight retarding effect upon the hydro- 
lysis of amygdalin in the controls, heated in the absence of the sugar. This is 
taken to signify that solutions of the enzyme heated to the usual threshold of 73"^ 
possess insufficient active enzyme to bring about perceptible hydrolysis in the 
1 hour period, in the presence of this concentration of glucose, thus accentuating 
the protective inhuenco of the sugar upon the enzyme heated in its presence. 
Whether or not the glucose exerted its protective action by virtue of its aldehydic 
properties was not ascertained. 

In general, electrolytes or non-electrolytes, present in true solution, brought 
about varying degrees of y)recipitation of the enzyme when this was incubated 
in their presence. Amygdalin prevented any precipitation of the enzyme in 
control experiments at Pn values from 6-6 to 8*3, but not in the range from 
Pii 6*0 down to pjj 1*97. The enzyme alone in distilled water was not precipitated 
from solution at the inactivation temperatures, nor were enzyme solutions in 
th('. presence of the dy(‘s so })recipitated, with two exceptions: rose Bengal in 
final (concentration 8 of 0*25 % brought about precipitatiem even in the presence 
of amygdalin, and the weakest solutions of Congo red (final con cent lation 
0*00025 % or below) brought about the saimc results. I^hesc^ })reeipitations oc- 
curred probably as a result of mutual neutralisation of colloidal charges near 
the range of sensitisation of the dye. 

While the lactose and glucose solutions all showc^d a precipitating influence 
upon the heated (enzyme', tievertheless the inactivation temperature was either 
raised or left unchanged in all instances. 

There is apparently little if any direct relationship between the heat inacti- 
vation and heat coagulation of emulsin unde^ the described conditions. That 
inactivation of the heated enzyme occurred through a redaction involving water 
was demonstrated by heating the dry, powdc^rc'd ennilsin for half an hour to 
temperatures as high as ISC'", without destroying its function. Heating the 
enzyme in absolute alcohol to the boiling point of the latUT (78*4'’), or in 
glycej’ol to 100*^ for half-hour pericxls did not destroy its activity as did heatmg 
to these temperatun^s in water. 

Summary. 

1. Pure emulsm in dilute aqueous solutions was inactivated by incubation 

for 30 minutes at an upper limit of 75®, although the enzyme was not precipi- 
tated at the inactivation temperatm^e. ^ 

2. Solutions of fluorescein and Congo red, each of which at a final concen- 
tration of 0*5 % prevents the heat coagulation of egg albumin or serum proteins, 
failed to advance the temperature threshold of the heat inactivation of emulsin ; 
on the contrary, these solutions increased the sensitivity of the enzyme to heat, 
and lowered the inactivation temperature, as did neutral red, a colloidal dye 
which d<xjs not protect proteins against coagulation by heat. Very dilute solu- 
tions of Congo red (0*00025' % and below), while protecting emulsin to only a 
slight degree, if any, brought about a degree of mutual precipitation of enzyme 
and dye. 

3. The action of rose Bengal upon emulsin was not determined, since this 
dye interfered with the hydrolysis in the controls. 
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4. Incubation of eniulsin in solutions adjusted to various pjj values exerted 
significant depressing effects upon the temperature threshold of the enzyme 
only at values as low as 1*97, and at 7-65 and above. With increasing alka- 
linity the enzyme was dcistroyed by incubation at successively lower tempera- 
times. The rate of hydrolysis of arnygdalin in the controls was not retarded until 
solutions at 6*6 and above were employed. 

6. A 0*5 % lactose solution was without appreciabh^ influence upon the 
inactivation temperatiirei of emulsin. 

6. (Jlucose solutions from concentrations of 25 % down to 2*5 % protected 
emulsin somewhat against heat inactivation, the hight^r concentrations raising 
the threshold temperatuT*e several degrees. 25 % glucose exerted a slight re- 
tarding effect upon the rate of hydrolysis in the controls. 

7. The emulsin was })recipitated to varying degrees when incubated with 
crystalloidal solutes such as dilute acids, phosphate buffers or sugars. 

8. With the ex(^e[)tion of ros(' Bengal and the weakest of the Congo red 
solutions, the dyes when incubated with emulsin did not precipitate it. 

9. There was apparentl}' litthi if any direct relationship between the heat 
inactivation and heat coagulation of emulsin under the conditions of the experi- 
ments. 

10. It would se(»m probable that emulsin forms a compound or “sorption 
complex " of some kind with glucose, a product of the hydrolysis of the substrat(», 
which is capable of protecting the enzyme to a certain degree against destruction 
by heat. 

11. H(?ating (unulsin in the absence of water (/.c. in dry, powdered form to 
temp(Taturcs as high as 150', in absolute alcohol to 78-4"’, in glyc(Tol to 100") 
did not destroy tlu‘ enzyme's function as did even lower tcunperatures in th(‘ 
presencfc of water. 
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CLXXXV. PROBLEMS OF NITROGEN 
CATABOLISM IN INVERTEBRATES. 

IV, THE SYNTHESIS OF URIC ACID 
IN HELIX POMATIA. 

By ERNEST BALDWIN.^ 

Fro7n the Biochemical Laboratory ^ Cambridge, 

(Received April 27 thy 1935.) 

In the third paper of this series [Baldwin, 1935] it was pointed out that there 
exists among gastropods a marked correlation between the presence of arginase 
and the production of uric acid. Both arginase and uric acid are abundantly 
present in terrestrial forms, and Needham [1935] bfdieves that the production of 
uric acid as the main nitrogenous end-product is an adaptation to terrestrial life, 
just as it is believed to be in the insects, birds and some reptiles. Whether 
uricotelic metabolism and the possession of arginase are independent or linked 
concomitants of the adaptation to terrestrial habitat is not clear, but the fact 
that the correlation holds even for such apparently aberrant cases as that of 
Avion suggests that arginase may actually participate in the synthesis of uric 
acid. 

In all animals hitherto examined a high arginase activity goes hand in hand 
with a cyclical synthesis of urea [Krebs and Henseleit, 1932; Manderscheid, 
1933]. The arginase content of the hepatopancreas of Helix poymtia is actually 
of the same order as that of the most active of mammalian livers [Baldwin, 1935], 
and by analogy it might be suggested that in Helix y as in the mammals, arginase 
is primarily concerned 'with the synthesis of urea. Baldwin and Needham [1934] 
attempted to demonstrate s\ich a synthesis on the part of surviving slices of the 
hepatopancreas and were unsuccessful, but their negative results would be 
explicable if urea were in some way removed as fast as it was formed. This 
possibility remains open ; destruction of the urea by a urease seems however to 
be ruled out sinc^e no evidence could be found for the presence even of traces of 
that enzyme in the hepatopancreas. 

Now Wiener [1902] has suggested that, in the case of the bird, uric acid may 
arise from urea according to the following scheme : 


(i) NH, 


CJOOH 
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NH— CO 

1 1 

NH-~C0 

1 1 

ho 

1 

+ 

CH(OH) — ► 

CO CH(OH) 

CO C{OH) 

1 11 

NH^ 


ijOOH 

]jiH— I do 

]ifH_C(OH) 

(urea) 

(tartronio acid) 

(dialuric acid) 

(ii) NH- 

CX) 

1 

NH* 

NH--C0 

1 1 


ho 

C(0H) 

H Ido — *■ 

CO C— NHx 


iiH— 

I!!(0H) 

hn. 

1 i 

NH— C— NH/ 





(uric Mid) 



Senior 1851 Student. 
( 1538 ) 



NITROGEN CATABOLISM IN INVERTEBRATES 


1539 


This view received a little experimental support from the perfusion experiments 
of Meyer and Jaff6 [1877], Wiener [1902] himself, and Izar [1911]. Friedmann 
and Mandel [1908] however obtained negative results, and in more recent times 
the perfusion method has yielded only negative results in the hands of Russo and 
Cuscuna [1931] and of Cuscuna [1934]. Benzinger and Krebs [1933] and Schuler 
and Reindel ^933] have obtained negative results with the tissue slice technique 
and the subject has also been extensively studied by workers of the Italian 
school. Urea was injected into birds (hens, geese, pigeons), the following sub- 
stances being orally administered at the same time : malonic, tartronic and lactic 
acids [dementi, 1929]; pyruvic and propionic acids [Torrisi and Torrisi, 1931]; 
dialuric acid [Torrisi, 1932]; glycerol and glyceric acid [Biondi, 1932]; tartronic, 
lactic, barbituric and dialuric acids [Russo, 1933; 1934]. In no case was any 
significant increase in the output of uric acid recorded, while in some of the 
experiments the urea was quantitatively recovered, dementi [1930] concluded 
that only ammonium carbonate has any influence on the uric acid excretion, 
while that of urea is only affected by arginine [dementi, 1932], and Needham 
et al. [1935] have shown that this is true also for the chick embryo. There can 
thus be no doubt that Wiener’s scheme is entirely inapplicable to the avian 
organism, if only because the avian liver is unable to synthesise urea [Mander- 
scheid, 1933]. 

Schuler and Reindel [1933] have found that in the Columbidae the liver and 
the kidney act successively in the production of uric acid, the liver producing a 
non-purine precursor which the kidney then converts into uric acid. Baldwin 
and Needham [1934] made use of this fact to find out whether the synthesis of 
uric acid follows the same path in the snail as in the bird, and concluded that the 
respective mechanisms must be quite different. Consequently there is no a priori 
reason for believing that Wiener’s scheme, inadmissible as it may be for the case 
of the bird, is necessarily excluded in that of the snail. Wolf [1933] in fact 
claims to have shown that a hepatopancreas brei prepared from Helix pomaiia is 
able to produce uric acid from urea under certain conditions, but his technique 
and results are open to serious criticism [Baldwin and Needham, 1934]. 

The present paper reports the results obtained in a study designed to test 
the possibility that urea may be convertible into uric acid in Hdix pomatia, since, 
if this were the case, it would go far towards explaining the observed correlation 
between the presence of arginase and a uricotelic metabolism in the gastropods. 
The results are necessarily of a preliminary nature ; the main problems of tech- 
nique have been solved and a tentative working hyj)othesis is ptit forward. 
Further experiments will be carried out as soon as the material again becomes 
available. 

Experiments. 

The method employed consisted essentially in allowing surviving slices of the 
hepatopancreas of well-fed specimens of Helix pomatia to act upon a solution 
containing possible precursors and seeing whether any more uric acid was pro- 
duced than in control experiments. In order to find the rate of synthesis it was 
necessary to determine also the preformed uric acid content of a further sample 
of the slices. 

Some experiments were first done in which no attempt was made to extract 
uric acid from the tissue itself. The slices were simply suspended in a suitable 
Ringer solution to which galactose had been added and shaken under standard 
conditions for 5 hours. The experimental slices received in addition 0*3~'3 mg. 
urea or the same quantity of urea and tartronic acid, but these substances 
were of course omitted firom the controls. After shaking the flasks were 

Bioohem, 1935 xxnc ^8 
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placed on a boiling water- bath, the proteins precipitated by adding uranium 
acetate and the fluids filtered. Uric acid was then estimated in the filtrates and 
the following results were obtained : 

mg. 

No. of uric acid synth. % 

Substance added Exps per g./hr. Increase Increase 

Controls — 0*0327 — — 

Urea and tartronic acid 4 0*0686 0*0359 109 

Urea alone 3 0*0465 0*0138 42 

Tartronic acid alone 3 0*0413 0*008(5 26 

Although only very approximate, these data served to show the desirability of 
pursuing the question. 

Two main difticulties were encountered in developing the technique. In the 
first place the cells of the hepatopancreas contain solid concrements of uric 
acid (see Strohl's review in Winterstein [1914]) and it w’as necessary to find 
a method for extracting and estimating this intracellular uric acid. Simple 
procedures such as grinding with sand, extraction with lithium carbonate etc. 
proved unsatisfactory and the method finally adopted was the following. The 
tissue, usually about 1 g. moist, was placed in a small mortar and thoroughly 
ground with two drops of octyl alcohol; sand was added and the grinding 
repeated. Then 5-10 ml. of Benedict and Hitchcock’s [1915] phosphate mixture 
were added, the whole well mixed and the sand and fragments of tissue allowed 
to settle. Th(' supernatant suspension was decanted and the residue again ground 
up, treatf?d with phosphate mixture, again allowed to settle and the supernatant 
again decanted. The residue was ground a third time and finally washed into 
the combined supernatants with more of the phosphate mixture. About 25 ml. of 
the latter were used altogc^ther. The whole mixture was digested on a boiling water- 
bath for 25 mins., 7 ml. of 1*55 % uranium acetate were then added to precipitate 
proteins and the dige^stion was continued for a further 5 mins. The whole w^as now 
filtered into a measuring cylinder, the precipitate being returned to the flask and 
digested for 10 mins, with a further 10 ml. of phosphate mixtures again filtered 
and finally washed on the filter-paper with 5 ml. of phosphate mixture. Jn this 
way crystal-clear yellow filtrates were obtained which contained practically the 
whole of the uric acid. Samples were taken for the estimation of uric acid by the 
method of Eolin [1930; 1933]; the standard solution always contained 0*02 mg. 
uric acid and the comparisons were effected with a Klett top-reading colorimeter. 

The second difficulty arose in preparing Ringer solutions in which any 
appreciable synthc^sis of ui*ea from urea and tartronic acid could be demon- 
strated. The results described above were obtained using a Ringer having the 
composition described by Baldwin and Needham [1934], but when new solutions 
of the same composition were prepared the “extra” synthesis resulting from the 
addition of urea and tartronic acid seldom exceeded 10-20 % of the “basal” 
synthesis which was always found, even in the controls. Following a hint 
previously given by Prof. H. Cardot the solutions were next made up in freshly 
prepared glass-distilled water and a marked improvement was found at once. 
It is probable that the ordinary distilled water of the laboratory contains traces 
of copper but that this had been precipitated from the solution used in the first 
experiments, since this had been made up some weeks before it was actually used. 
Two Ringer solutions were used; one, containing bicarbonate, was used as a 
medium for the suspension and shaking of the tissue slices, while the second, 
which was unbuffered, served to wash the tissues. Both hM'a calculated freezing- 
point depression of 0-3U and were therefore isotonic with the blood of fed 
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waking snaUs [Duval, 1930; Kamada, 1933], and the composition, given in 
Table I, followed that recommended by Bernard and Bonnet [1930]. 


Table I. 

g. /litre 



Kingor 1 

Ringer IJ 

NaCl 

llfi 

2*84 

NaHCO, 

2-43 

KOI ' 

0 344 

0-344 

C&ci„ OHaO 

i-7r> 

1-75 

MgCla, GHaO 


2 56 


Ilinger 1 was saturated with CO 2 before use and Ringer II with oxygen. 
The jpjj of the bicarbonate Ringer when equilibrated with 5 % CO 2 at 28° was 
7*7 which is the same as that of the haemolymph of well-fed waking snails 
[Baldwin and Needham, 1934], and the suitability of these solutions was shown 
by the fact that isolated hearts of Helix pomaiia could be maintained in an 
actively contractile state for periods of at least 20 hours, i.e, at least four times as 
long as the projected experiments. 

Urea and tai*troni(i acid were added in the form of a solution containing 30 mg. 
of these substances jier ml. and previously neutralised. Fresh solutions were 
frequently made up since a heavy growth of bacteria or mould usually appeared 
in a day or two. 

The following proccjdure was adopti^d in all the experiments. Slices were 
prepared from the hepatopanereases of 5-7 well-fed snails. They were washed 
three times with Ringer II, divided into four apx)roximately equal portions, freed 
from surplus water and weighed. Meanwhile four flasks of the type used by Krebs 
1 1933] had each rt'ceived 10 ml. of Ringer 1 and 100 mg. galactose [see Baldwin 
and Needham, 1934]. A gas mixture containing 5 % CO 2 and 95 % Og was 
passed thiough in order to bring the to the required value, the tissue was 
dropped in and the flasks were plac(^d in the thermostatic bath, which was electri- 
cally maintained at 28°. The flasks were usually shaktm for 5 hours in all, the gas 
mixture being passed in for the first 20-30 mins. One flask was retained for the 
determination of the preformed uric acid content of the slices, a second served as 
a control and the other two rec^eived the substance or substances the effects of 
which were to be tested. At the end of the period of shaking the slices were 
removed from the flasks by means of forceps and ground up efc. in the manner 
already described, the extracts being added to the suspension fluid. 

It should be mentioned in passing that some fragmentation of the tissue 
always took place as a result of shaking, although the greatest care was taken to 
ensure smooth running of the shaking machine. Consequently it is likely that 
the observed rates of “extra’’ synthesis were smaller than those obtaining 
in vivo. 

Results. 

The protocol of Table II gives data obtained in a typical experiment. By 
''extra” uric acid is meant the amount formed in the experimental flasks over 
and above that found in the controls. The amounts of urea and tartronic acid 
added were usually 3 mg. each, which arc equivalent to about 4-2 mg, uric acid, so 
that the yields shown in the protocol (“extra” uric acid) represent 5*2 and 4-4 % 
of the theoretical yields. These, though small, are certainly significant since in 
some experiments where the theoretical yields were only 0*3 mg. uric acid, the 
actual yields were still about the same, 0-15 mg., representing about 50 % in this 
case. It is probable that the tissue, working at its full capacity, can synthesise 

98—2 
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Table TI. 


Apparatus 

ml. Ringer I 10 

mg. galactose 100 

mg. urea added 
mg. tartronic acid added 

rag. uric acid found 0*625 

Therefore mg. uric acid/g. tissue 0*790 

Therefore mg. uric acid syntli./g, 0*342 

mg. “extra” uric acid/g. in all — 

mg. uric acid synih./g./hr. — K 0*0662 

% increase in R — 


2 

3 

4 

10 

10 

10 

100 

100 

100 

3 

3 

— 

3 

3 

— 

0*728 

0*632 

0*374 

1*010 

0*974 

0*448 

0*562 

0*526 

— 

0*220 

0*184 

— 

0*1020 

0*0956 

— 

62 

54 

— 


about 0*15 mg. uric acid per g. in 5 hours from urea and tartronic acid, and that 
it is impossible to force the pace simply by adding more of the precursors. This 
point is important since the production of uric acid from urea and tai’tronic acid 
is known to take place in vitro under suitable conditions [Wiener, 1902], but it is 
evident tliat the change observed in the present experiments is associated with 
the presence of the tissue and is not merely an uncatalysod reaction taking place 
in vitro. 

It set^ms likely that the basal’* synthesis which was observed in the controls 
is due to xanthine oxidase. That enzyme is known to be present in the hepato- 
panereas of Helix [Przylecki, 1926; Baldwin and Needham, 1934] as are its 
substrates also [Wolf, 1933]. Furthermore it was found that this basal synthesis 
persisted even when the Ringer solutions were unsuitable for the demonstration 
of any “extra** synthesis, that it appears to be independent of pu over a range of 
about 6-8 (within the limits of experimental error), that it continues even in 
brei and is not completely abolished by Jf/10 NaCN. An attempt was made to 
demonstrate the presence of xanthine oxidase by means of the methylene blue 
technique, but as blanks carried out on unwashed brei already had a reduction 
time of many hours it is not surprising that this attempt failed. The hepato- 
pancreases of 10 snails were finely ground, extracted several times with Ringer II 
and the extract centrifuged. The centrifugate was then saturated with ammonium 
sulphate and filtered at the pump. Concentrated solutions of the precipitate 
were tested for xanthine oxidase by the methylene blue method but the reduction 
time again ran into many hours. Further attempts will be made to concentrate 
the enzyme, but meanwhile it is not unreasonable, in view of the existing evidence, 
to attribute the basal synthesis to the operation of the xanthine-xanthine 
oxidase system. 

The results obtained in experiments in which urea (U) and tartronic acid (T) 
were added are summarised in Table III and, in graphical form, in Fig. 1. A 
glance at Fig. 1 shows that there is considerable variation in the rates of synthesis, 
and on comparison with Table III it will be seen that the variation is greatest 
in the experiments in which the preformed uric acid is greatest. The extra 
synthesis is determined as the difference between the final uric acid contents of 
experimental samples and the corresponding controls, and the basal synthesis 
as the difference between the initial and final uric acid contents of separate 
controlling samples. Consequently in comparing the rates of synthesis in control 
and experimental samples ,we involve a cumulative error which may be very large 
on account of the initial errors due to sampling, and these may themselves be 
large. 

Table III shows that the preformed uric acid may varjT from 0-1 to 1 mg. per 
g. tiasue, and each sample here represented 6 snails on the average. The indi« 
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vidual Tariation. must probably be still greater. Some determinations were 
made in order to evaluate the probable error due to sampling and the results are 



Fig. 1. Rates of synthesis of uric acid from urea and tartronic acid. (The niimbors refer to the 
actual experiments and A to the averages of the various groups. Note that the addition of 
urea alone has no appreciable effect.) 


Table III. 


Exp. no. 

Substance added 

Preformed 
uric acid, 
mg./g. 

rag. extra 
uric acid/g. 

mg. uric acid 
syrith./g./hr. 

. - -A ^ 

(Jontrol Experiment 

13 

3 mg. U and T 

0-150 

0*210 

0*150 

0*0018 

0-1050 

0-0918 

34 

*» 

0-448 

0*220 

0-104 

0*0022 

0-1020 

0-0956 

35 

- 

0*312 

0-128 

0*070 

0 0076 

0-0932 

0-0810 

36 


0*469 

0*090 

0*0502 

0-0082 

41 


0*198 

0*074 

0*111 

0*0482 

0-0030 

0-0704 

Averages (U and T) 

0*313 

0*130 

0*0580 

0-0850 

37 

3 mg. II 

0*379 

-0*054 

0*110 

0*0090 

0-0588 

0-0910 

39 

9f 

1*020 

,-0*010 

0*050 

0-0300 

0-0340 

0-0400 

42 


1*080 

0*170 
- 0*110 

0-0520 

0-0800 

0-0.300 

Averages (U) 

0*826 

0*020 

0-0525 

0-0577 



Controls 

U and T 

U 


mg. extra urid acid/g. in 5 hours — 0-130 0-020 

0-0580 0-0850 — 

mg, uric acid synth./g, /hour =:=R 0*0525 — 0-0577 

Increase in R — 0-0270 0-(K)52 

% increase in R — 47*5 9-9 

given in Table IV. Each set of determinations was made on the mixed slices 
obtained from 6 snails and it was found that the gi^eatest error is probably within 
%, the mean variation being ±5 %. 
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Table IV. 



mg. uric acid 

% difiP. from 

Exp. no. 

per g. slices 

group average 

21 

0-0978 

- 2-5 


0-1020 

-f 1-7 


0-0930 

-7*3 


0-1085 

+ 8-2 

22 

0-100 

-6-5 


0-109 

+ 1-9 


0-112 

+ 4-7 


0-106 

~M 

2:i 

0-123 

+ 3-4 


0-124 

+ 4-2 


o-uo 

-7-0 


0-121 

+ 1-7 


Moan variation from group average = ±5 % . 


In order to reduce the sampling error as far as possible the snails used in any 
given experiment werci taken from a batch which had been awakened and kept 
in a uniform manner for the same length of time, but beyond this no standardisa- 
tion was possible, and it was not feasible to rediicf^ the sampling error any further. 
To work on only one snail, assuming that the uric acid concrements are uni- 
formly distributed, would have made the scale of operations too small, while the 
alternative procedure of using a large number of snails w^as rejected since the 
preparation of slices from only 6 animals usually took at least 1 1 hours and 
longer waiting would (certainly have been detrimental to the tissues. It was 
therefore necessary to accept the results as they came and to average as many 
data as could be obtained. 

Although there is in individual cases a considerable range of variation 
between the rates of synthesis in the controls the averag(^ results for the two 
sets of controls are in excellent agreement and it is therefore unlikely that the 
rates of extra synthesis are seriously in error. At least five times as inucl) uric acid 
was produced, on the average, when tartronic acid was present as when urea was 
present alone, and the results are still more striking if we compare the rates of 
synthesis with and without tartronic acid with the average rate of all the 
controls instead of with the gi*oup averages as in Table III. We then get the 


following : 


R 

% increase in control 


Controls 

0-0553 



Urea alone 

0-0677 

4-3 


Urea and tartronic acid 

0-0856 

55-0 


We do not know whether tartronic acid is a normal metabolite or whether it 
is replaceable by other 3- carbon compounds such as lactic acid. It is proposed 
to study tluise questions in future experiments. But in any case there can be no 
doubt that urea and tartronic acid are together convertible into uric acid by 
surviving 8li(H\s of the hepatopancreas of Helix pomatia. 

Such an arrangement would probably be a very convenient one from the 
point of view of the snail itself. Activity is associated, as Howes and Wells [1934] 
have shown, with high water content, and probably therefore with a flow of 
water through the body. If urea is synthesised from the products of protein 
catabolism it can be passively washed out of the body, even if no process of 
active socj-etion is brought into play, and Baldwin and Needham [1934] have 
already suggested that “diuresis may play an important part in the elimination 
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of urea from the body* When the water current cc^ases the animal tdther aestivates 
or hibernates, according to the conditions, and becomes in effect a closed system 
reminiscent of the cJoidoic egg. Urea can no longer be washed out of the body 
and its conversion into uric acid would obviate a twofold toxaemia; first, 
simple uraemia — and to judge by the data given by Wolf [1933] there is actually 
no groat accumulation of urea during hibernation — and secondly the ammo- 
naemia which might be produced by the action of the nephridial urease 
[Przylecki, 1922 ; Baldwin and Needham, 1934] upon accumulated urea. 

As a working hypothesis, then, it seems not unreasonable to suppose that 
urea is synthesised in Helix by means of the ornithine cycle, which of course 
involves arginase, and is then further converted more or loss completely into 
uric acid, probably by way of dialuric acid, the degree of conversion depending 
upon the condition of the animal. Such an hypothesis is in no way excluded by 
any of the known facts, it explains the observed correlation between arginase 
and uricotelic metabolism in the gastropods, and it appears to stand the test of 
biological fitness. Further work is necessary to establish the truth or otherwise 
of the hypothesis in the special case' of HeUx before its applicability to the 
gastropods as a whole can be cojisidcTed, and further experiments will be carried 
out as soon as the material again becomes available. 

8umm.\by. 

Urea and tartronic* acid arc* togc'fher convertible into uric acid under the 
influence of surviving sUe(‘s of the h(*patopancreas of Helix pomaiia. The sig- 
nificance* of this finding is discussed in th(* text. 

The author is glad to express his indebtedness to the Royal Commissioners 
for the Exhibition of iHoI for a Senior Studentship during tin* tenure of which 
this work was done. 
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{Received May 2nd, 1935.) 

Szent-Gyoegyi [1928] noticed that the cortical portion of ox suprarenals turned 
black when immersed in neutral 0-4 % silver nitrate solution. The compound, 
awscorbic acid, responsible for the reduction was later isolated in crystalline form 
from ox suprarenals [Szent-Gyorgyi, 1928], paprika [Svirbely and Szent- 
Gyorgyi, 1933] and lemons [King and Waugh, 1932]. Titration with 2:6-dibro- 
mo-, or 2:6-dichloro-phenolindophenol blue indicated that the ascorbic acid 
content of various organs of guinea-pigs decreased when these animals were 
maintained on a vitamin C-free diet [Svirbely and Szent-Gyorgyi, 1933; Harris 
and Ray, 1933, 1 ; Bassey and King, 1933]. 

Many observers attempted to utilise the reduction of silver nitrate by animal 
organs and extracts as a criterion for the ascorbic acid content, with varying 
degrees of success. Marked differences were noticed in staining the cut surfaces 
of the suprarenals in normal and scorbutic guinea-pigs by Moore and Ray [1932], 
Harris and Ray [1933, 1], Si(3hrs and Mller [1933; 1934], and Bessey etal. [1934]. 
Gough and Zilva [1933] and Harris and Ray [1933, 2] reported that the failure of 
suprarenal tissue to stain deeply with silver nitrate cannot be relied on as a test 
for the absence of ascorbic acid or vitamin C since the adrenals of guinea-pigs 
which showed no evidence of scurvy on autopsy did not stain with the reagcmt 
at all. Huazak [1933] showed that a substance or substances, precipitable by lead 
acetate, occurred in the suprarenal medulla which prevented th(3 reduction of 
silver nitrate by the suprarenal medulla and cortex. Similar inhibitory substances 
occurred also in lemon and paprika juice and their function was probably a 
stabilising of the vitamin. 

In contrast to the staining by silver nitrate of the suprarenal cortex, anterior 
and intermediate lobes of the pituitary and ovary from various animals, the 
liver does not stain at all with the reagent [Gough and Zilva, 1933] nor does the 
suprarenal medulla [Harris and Ray, 1933, 2]. The failure of liver, suprarenal 
medulla or trichloroacetic acid extracts of these organs to stain with this reagent, 
though they contain high amounts of ascorbic acid, was difficult to explain. 

Birch and Dann [1933] nbticed the close similarity in occurrence of ascorbic 
acid and glutathione. De Caro and Giana [1934] concluded that glutathione was 
the substance which caused stabilisation of ascorbic acid in tissue extracts. 
Mawson [1935] stated that protection by tissue extracts could not wholly be 
explained by glutathione, cysteine, cystine or HgS since dialysed tissue extracts 
retained their anti-oxidative properties in full. These properties were also 
present, in reduced amount, in extracts that had been boiled or precipitated with 
mercuric acetate* 

The work of Sato and Ohata [1931] indicated that the glutathione contents of 
suprarenals and liver were 0*075 and 0*24 % respectively and was little changed 

( 1S47 ) 
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in scorbutic guinea-pigs, with possibly a more or less definite increase in the 
suprarenals. Based on the above percentages, the glutathione content of liver 
wras 2*4 mg./g. and of suprarenals 0-75 mg./g. 

The high concentration of glutathione in liver and suprai‘enals suggested 
that the failure of the silver nitrate reduction might be connected with the 
relative amounts of glutathione and ascorbic acid actually present in the tissues. 
The object of this paper is to present experimental work in testing this relation- 
ship. 

Experimental. 

Redivction of aqueous solutious of ascorbic acid by silver nitrate in the 
presence of glutathione and cystine. 

Preliminary work indicated that glutathione^ was precipitated by normal 
lead acetate, mercairic acetate and silver nitrate, but that the precipitate dis- 
solved readily in slight excess of the r('agent added. Addition of ammonium 
hydroxide to the clear solution obtained by adding excess of lead acetate to 
glutatliione eaus(*d a pr(‘<'ipitat(‘ to form at about the same p^^ range as that in 
which ascorbic acid is precipitated under similar (*onditions. Cystine was pre- 
cipitated by mercuric but not by lead acetate. 

The n'duction of ascorbic’ acid alone by silver nitrate was cstimat('d directly 
in test-tubes. The rapidity and character of the precipitation depended to a great 
extent on the acidity or alkalinity of tht^ reageni. An immediate j)roduetion of 
black, finely divided particles of silver was obtained when J ml. of slightly 
ammoniacal 5 or 0*5 % silver nitrate' was addt'd to ()*(>15 mg. ascorbic acid. 
Quantities as low’ as 0*003 mg. ascorbic acid could thus be detected. With neutral 
silver nitrate of like concentrations, the particles obtained by the reduction 
were of larger size and had a silvery sheen. The red motion took longer and was 
not as sensitive as bc'fore. Slightly acid silver nitrate about 3) gave no 
marked reduction in 15 minutes with 0*15 mg. ascorbic a(U<l although 0*3 mg. 
gave a gradual reduction to silvery particles. 

The concentration and alkalinity or aciditj^ of silver nitrate w^ere very 
important fac^tors wdien mixed solutions of ascorbic acid and glutathione were 
considered. It made no difference whether or not glutathione and silver nitrate 
w'cre first added, followed by ascorbic acid or ascorbic acid and glutathione and 
then silver nitrate. Excess silv(^r nitrate had to be present since it seemed to 
form a stable salt or complex with the glutathione very n'adily, and the excess of 
silver nitrate was then reduced by the ascorbic acid. Care must be taken to see 
that the silver nitrate is not too ammoniacal as otherwise irregular results are 
obtained. Sufficient ammonium hydroxide is added just to dissolve the pre- 
cipitate first obtained with silver nitratt*. 

The results of a series of tests are given in Table I. 

With approximately equal amounts of ascorbic acid and glutathione, the 
gradual reduction with silver nitrate was not at all comparable with the im- 
mediate n^duction obtained by using ascorbic acid alone. The depth and shade of 
the opalescent solutions in the above concentrations depend on the relative 
amounts of glutathione and ascorbic acid. 

Addition of 1 ml. of 0*5 % ammoniacal silver nitrate to mixtures of 0*3 mg. 
cystine and 0*15 mg. ascorbic acid or 0*15 mg. cystine and 0*3-0*09 mg. ascorbic 
acid gave an immediate reduction to black finely divided silver with a brown 

1 I am greatly indebted to Br H. L. Mason, Department of Biochemistry, Mayo Clinic, 
Rochester, Minn., for sending me the glutathione used in this work. 



THE SILVER NITRATE TEST FOR ASCORBIC ACID 1549 


mg. 

gluta- 

thione 


Table I. Reduction of ascorbic acid-glutathione mixtures with silver nitrate, 

1 ml. silver nitrate 
Ammoniacal 
5% 


mg. 

ascorbic 

acid 


Acidic 


0-5 < 


5 % 


or) ^ 



0-1 

Intense reduciion 

-> 

Trace 

— 


0*05 

Rwl action 


No reduction 

— 


0*015 

RiKiuctiou 

— 

No rwluction 

— 

2 

0*45 

Green-yellow t{» brown 
solution in 15 mins. 

Red-brown solution 

— 

— 

2 

0*30 

Yellow solution in 15 mins. 

Yellow-brown solution 
in 15 mins. 

— 

— 

0-75 

2*0 

Intense bhn'k reduction 

Intense black reduction 

Very slight re- 
<luction in 20 
miii.s. 


0-46 

016 

Yellow solution in 15 
mins. 

Very pale yellow solu- 
tion in lO niias. 

— 

— 

0-3 

015 

Yellow* solution in 3 mias. 

Slight yellow solution in 
10 mins. No metallic .\g 

— 

— 

015 

06 

Darkening in 1 -2 nuns., with reduction of black 
metallic Ag m 15 mins. 

— 

No rtsluctiftn 

0 15 

0*45 

Darkening in 1-2 mins. 
Hligiit reduction metallic Ag 

Brow'ii solution in <1 mins. 

— 

— 

0*15 

03 

Darkening after 1 min. 
Slight reduction Ag in 

10 min*.. 

Brown opalescent solu- 
tion. No metallic Ag 


Slight reduction 
45 mins. 

0-15 

OJ5 

Brow n opalescent sf»lution. 
'lYace metallic Ag? 

Yellow -hrowTi opales(*cnt 
solution 


No rwluction 

015 

000 

Bro\\n opalesctMit solntion. 
Trace \g? 

Brown opalescent solu- 
tion 


No Induction 

0-15 

000 

Pale brown solution 

Pale brown solution 


No reduction 

015 

003 

Pale brown solution 

Pale brown soluthm 


No rt*<hiction 


(1, Concentrations found in mouse Wvvrjfi. 

6, Concentrations found in ox suprarenal cortex/ti. 

c, Concentrations found in suprarenals of g\anea-|n2s nhen ft»d a rioli green diet and thou placed on a vitamin C-free 
diet. The ascorbic acid values represent concentrations per g. wliile the glutathione jirobably corresponds to that of 
0*2 g. of suprarcnals. 


solution if less than 0*09 mg. ascorbio acid was used. Cystine does not interfere 
to the same extent as glutathione with the silver nitrate tOvSt for ascorbic acid. 

Adrenaline (0*02o mg.), glycogen, lactose, gelatin or starch did not interfere 
in the silver nitrate test with 0*15 mg. ascorbic acid. 


The gold chloride test for ascorbic acid. 

Gold sols are formed immediately when 3-15 mg. ascorbic acid are added to 
1 ml. of 1 % gold chloride solution in 95 ml. distilled water. The sols range fi'Oin 
purplish ix^d to deep blood-red in colour according to the amount of ascorbic 
acid added. On heating no further change in colour occurs. As ordinarily pre- 
pared by the sodium citrate or formaldehyde method, the solutions must be 
heated for several minutes before reduction occurs. 

If different concentrations of ascorbic acid are added to 1 ml. of dilute gold 
chloride (1 ml 1 % gold chloride in 98 ml. H3O), the limit of sensitivity is 
0*045 mg. ascorbic acid as compared with 0*015 mg. with ammoniai^al silver 
nitrate. 

Addition of glutathione to gold chloride causes the yellow colour to dis- 
appear, indicating the formation of a salt or stable complex, A turbid white 
solution results when excess glutathione is added. (Cystine and adrenaline cause 
no noticeable change in the colour of the gold chloride. 
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No sol formation results in 15-60 minutes when 1 ml. of diluted gold 
chloride is added to mixtures of 0*15 mg. glutathione with 0-3-0-015 mg. 
ascorbic acid. Cystine gives similar results. Apparently the glutathione and 
cystine form stable salts or complexes with the small quantity of gold chloride 
present and prevent reduction by ascorbic acid. 

The silver nitrate test for liver extracts. 

The mercuric acetate treatment of Emmerio and Van Eekelen [1934] and the 
lead acetate method of Huszak [1933] were employed to remove the greater 
portion of interfering substances before the silver nitrate test was tried. 

Young mice, about two months old, were etherised and their livers removed, 
minced with sand and extracted with three times their weight of 10 % tri- 
chloroacetic acid. Calcium carbonate was added to remove any excess acid. The 
yellow solution gave a strong nitroprusside reaction for glutathione and a yellow- 
brown precipitate with 5 % ammoniacal silver nitrate. The solution was divided 
into two fractions — one part was treated with normal load acetate and the other 
with mercuric acetate. The amount of reagent necessary to give maximum pre- 
cipitation was first determined on a small sample and excess of the reagent care- 
fully avoided. After filtration, HgS was passed into the colourl(\s8 turbid solution 
to remove the mercury and lead. The sxilphides were filtered off and the clear 
solution was allowed to stand for one hour, saturated with the gas. The gas was 
then removed by distillation in vacuo for half an hour, the cold distilling flask 
being immersed in warm water to facilitate concentration and removal of HgS. 
The resulting concentrat(‘d solution did not react with lead acetate, copper 
sulphate or mercuric acetate, indicating absence of HLgS. It gave no nitroprusside 
test. Addition of 5 % ammoniacal silver nitrate solution gave an immediate 
black reduction with the fraction treated with mercuric acx^tate and a reddish 
brown reduction with the fraction treated with lead acetate. Acidic 5 % silver 
nitrate gave no immediate reduction though several hours later a slight t*ed action 
had occuiTcd. Trichloroacetic acid gives a white precipitate with silver nitrate. 

Discussion. 

The marked interference of glutathione with the silver nitrate test for ascorbic 
acid explains to a great extent the differences reported by many investigators 
who atUmiptcd to utilise this reduction as a criterion for the presence? of ascorbic 
acid in any organ or tissue extract. The observations of Siehrs and Miller [1933 ; 
1934] who pointed out that the intensity of the reduction in the suprarenals 
decreased 24 hours after guinea-pigs were taken off a rich green diet and placed 
on a vitamin C-fre(^ diet agrees with the results in Table I. The colour ranged 
from black to dark brown on the first day to a reddish orange on the sixth day 
when it reached the minimum. Since colour gradations depend to a large extent 
on the relative amounts of glutathione and ascorbic acid associated with one 
another as well as on the of the silver nitrate, this test must be used in a 
qualitative rather than a quantitative sense. Likewise a failure of the test does 
not indicate that there is no ascorbic acid present in the organ, since the ascorbic 
acid content, though sufficient to ensure absence of scurvy, may be too low in 
.comparison with the glutathione content to give a positive reaction. The test is 
not as definite as titration with dichloro- or dibromo-phenolindophenol blue in 
an acid medium. 
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StTMMABY. 

1. The' silver nitrate test for ascorbic acid depends on the relative amounts 
of glutathione and ascorbic acid present in an organ or extract. 

2. The precautions required in order to demonstrate the sUver nitrate test 
in liver extracts are described. 

3. A method for preparing gold sols with ascorbic acid in the absence of heat 
is discussed. 

I wish to thank Dr L. J. Harris, Dunn Nutritional Laboratory, for reading 
the proof and for valuable suggestions. 
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The characterisation of linoleic and linolenic acids by oxidation respectively to 
tetra- and hexa-hydroxystearie aedds is at present less satisfactory than that of 
oleic acid as dihydroxystearic acid. We have recently examined a number of 
reactions of these acids and their esters in the hope of finding more conclusive 
means of identifying them in natural fats. The results obtained aflFord a more 
quantitative cjomparison of different oxidation processes and products than was 
available hitherto, but we have not succeeded in obtaining good yields of 
crystalline derivatives, suitable for precise quantitative recognition of either 
the di- or tlui tri-ethenoid acid. 

It should be emphasised at the outset that liiiohdc and linolenic acids can 
both only be obtained in a n^latively pure condition by s(*parating them in the 
form of crystalline tetra- or hexa-bi’omo-addition compounds and then de- 
brominating the latter. Further, when either of the natural acids is treated 
with bromine, less than half is obtained as an insoluble crystalline bromo- 
addition product; moreover the acids regenerated from th(‘ latter, when again 
treated with bromine, again give less than 50 % yields of the crystalline bromo- 
addition products^. Thus Rollett [1909] showed that debromination of the 
crystalline tetrabromostearic acid (M.r. 114°, insoluble in light petroleum) from 
linoleic acid gave an "a^-linolcdc acid which, on being treated in light {x^troleum 
with bromine, yielded the insoluble tetrabromostearic acid in an amount corre- 
sponding to not more than 43 % of the “a ’’-linoleic acid; the remaining prcKluet 
was a soluble tt^trabromostearic acid, liquid at the ordinary temperature. Lino- 
Icnic acid was found to exhibit similar behaviour, the hexabromostearic acids 
produced by addition of bromine differing in this case in their solubilities in 
ethyl ethtT. 

Tetra- or hexa-hyd]‘oxystearic acids have uHually been rt‘spectively obtained 
from linohuc or linolenic acids by the action of (?old aqueous solutions of potassium 
permanganate. Hazura [1887] oxidised the “liquid’* (unsaturatod) acids of 
sunflower oil in this manner and obtained two tetrahydroxystearic acids, M.P. 
respectively 160-162° and 173-175°, in amounts apparently corresponding with 
about 24 and 7 % of the theoretical yield. Rollett [1909], employing regenerate 
a ’’-linoleic acid, similarly obtained about 33 % of the theoretical yield of 
crude b^trahydroxystearic acids, apparently mainly the form of m.p. 173 °. 
Nicolet and Cox [1922] record a yh^ld of 54 % of the weight of '‘a ’’-linoleic acid 
taken (i,e. 43 % of theory) in the form of a mixture of tetrahydroxystearic acids, 
which melted at 162-168° and was resolved, afb^x a long process of crystallisa- 
tion from water (containing a trace of hydrochloric acid) into the two acids, 

^ The acids regenerated from the insoluble bromostearic acids have usually been termed 
’’-linoleic or “a”-linalcmc acids, whilst those from the soluble bromo-addition products are 
refen’ed to as -acids. This nomenclature, which has no coniigurational m^eaning, will be 
retained for convenience in the present paper. 

( 1552 ) 



POLYETHENOID ACIDS 


1553 


M«P. 153® and 170®. Other workers have described tetrahydroxystoaric acids 
molting over the range 152-177® ; the two isomeric tetrahydroxystearic acids 
produced by alkaline permanganate oxidation of “a”-linoleic acid are generally 
accepted to be: (a) an acid (‘‘a-sativic acid”), m.p. 154-157®, moderately soluble 
in hot and sparingly in cold water, crystallisable from alcohol or ethyl acetate, 
and (b) an acid (“^-sativic acid”), m.p. 171-173®, slightly soluble in hot w»^ater, 
very sparingly soluble in hot ethyl acetate and crystallisable from acetic acid 
or from a somewhat large volume of ethyl acetate. 

Nicolet and Cox 11922J also observed that, on addition of hypochlorous or 
hypobroraous acid to '‘a”-linoleic acid, dichloro-(bromo-)dihydroxystearic acids 
were produced smoothly and could be converted into (impure) oily tetra*acetoxy- 
stearic acids (85 % yield). The latter, on hydrolysi.s, gave small amounts of two 
other isomeric crystalline tetrahydroxystearic* acids (yic'ld only 14 %), which 
melt<‘d at 144*5^ and 135 : the acids of m.p. 153® and 170® we?re not obtained 
by this pro(x*dure. The acid of m.p. 144® was also obtained by Smith and Chibnall 
[1932] when they oxidised linol(*ic acid wnth hydrogen [KToxide and acetic acid. 

In the case of the triethenoid linolenio acid, Hazura [1887; 1888] oxidised 
the acids from linseed oil with alkaline permanganate and obtained two hexa- 
hydroxystt^aric (“/wlinusic” and “linusie") acads: (a) m.p. 173-175® (yield 
12-16 % of the mixed fatty acids) and (h) m.p. 203® (yield 3-4 % of the mixed 
fatty acids), together with the two rah vdroxy stearic acids from linoleic acid ; 
he also records the production of the acid, m.p. 201", from regenerated ‘‘a''- 
linolonic Rollett [1909] similarly obtained both hexahydroxystearic acids 

from ''a”-linolcnic acid, the yield of that melting at 203® being about 6 % of 
the theondical amount. 

Bauer and Kutsche (1925] state that ethyl linolenate does not react with 
hy^drogen per^)xjde, but that it yields an oil, f ^20^.34^5, upon treatment with 
j)erlH‘nzoi(' acid, wliich resembles that obtained on combination w’ith gaseous 
oxygen and which contains 3 added oxygen atoms per mol. of linolenio acid. 

Expekimental. 

In the course of the present work we have submitted linoleic and linolenio 
acids to oxidation witli alkaline permanganate solutions, with hydrogen peroxide 
and acetic acid, and with jierbeiizoic acid, and have also examined the action 
of Prtwost’s reagent (silver benzoate and iodine). An attempt (unsuccessful) 
was also made to convert linoleic acid into a diace tylenie derivative, corre- 
sponding with the prtMiuetion of stearolie from oleic acid. Saftlower seed oil, 
which contains a high pro|>ortion of linoleic acid unaccompanied by linolenic* 
acid, and of which w^e had a convenient B\i})ply, was used as the chief source of 
linoleic acid, whilst linolenic acid was obtained from linseed oil. The regenerated 
'‘(X ’’-forms of the two acids were employed in many cases, but we supplemented 
these experiments by others upon the mixed acids from the respective oils. In 
the case of linoleic acid, we also examined the behaviour of the regenerated 
*‘j8 ”-acid obtained from the petroleum-soluble bromiuation products and that 
of “a ’’-linoleic acid which had been submitted to isomerisation by oxides of 
nitrogen. Comparison of the results from the oxidation of the a ’’-acids with 
those from the oxidation of the mixed fatty acids without bmminatlon has led 
US to consider that the linoleic and/or linolenic acid of the original seed-fats 
very probably each exists in only one form, and that mixtures of hydroxy- or 
bromo-derivatives are produced in consequence of isomeric changes which 
accompany oxidation or bromination. 
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Linolbic acid. 

''oi''-Linoleic (wid. Methyl ‘‘a^’-Iiaoleate (i.v. 164*3) was prepared by de-. 
broxnination (with zinc and methyl alcoholic hydrogen chloride) of the tetra- 
bromostearic acid (m.p. 114°) obtained by addition of the theoretical amount 
of bromine to a solution of the mixed fatty acids of safflower seed oil in light 
petroleum (b.p. 80-100°) at 0°. “a”-Linoleic acid was subsequently prepared 
as required from the distilled methyl ester. 

“ jS * ’ -Linohic acid, ' ' a ” -Linoleic acid was brominated at 0° in light petroleum 
(b.p. 40-60°) ; after filtration of the crystalline tetrabromostearic acid, the solu- 
tion was washed with sodium thiosulphate solution and the petroleum then 
removed. The residual oil (Br found: 50*5 %; CigH 3202 Br 4 rt^quires 53*3 %) was 
debrominated as above and finally yielded “^'’-linoleic acid (i.v. 133*1, Br2*l %). 
It is to be noted that, although the acid contained but little bromine, the i.v. 
was very low^ (linoleic acid, i.v. 181*4); this may well indicate that some of 
the |)etroleum -soluble products of bromination have undergone some further 
change during de bromination. (In the debromination of the crystalline bromo- 
acid, it has been definitely shown [Rollett, 1909; Hilditch and Vidyarthi, 1929] 
that the ethenoid bonds reappear in their original positions.) 

Oxidation with alkaline permanganate solutions. 

We have employed the conditions of oxidation given by Lapworth and 
Mottram [1925] in the case of oleic acid, as well as those described by Hazura 
[1887] for linoleic and linolenic acids. The first-named authors advise the use 
of extremely dilute solutions, which minimises further oxidation of the hydroxy- 
stearic acids. Tliis advantage is somewhat discounted, in the cases of linoleic 
and linolenic acids, by the solubility in water of some of the oxidation products 
and we found difiSculty in recovering all the tetrahydroxystearic acids (especially 
that of M.P. 155°) from the large volume of water present after oxidations by 
the Lapworth and Mottram method. 

(i) '' -Linoleic acid (modified Hazura process). Potassium permanganate 
(5 g.) in ice-cold water (200 ml.) was added to a solution of the acid (4*8 g.) and 
potassium hydroxide (2*8 g.) in water (300 ml.) at 0°. After standing at 0° for 
24 hours, the solution was decolorised with SO 2 and made acid with concentrated 
HCl (150 ml.). The solid tetrahydi'oxystearic acids were filtered off and separated 
by fractional crystallisation from ethyl acetate (m.p. 173°, 1*3 g.; M.P. 155°, 
2*6 g.). The aqueous filtrates were evaporated to dryness and extracted with 
hot alcohol, which removed a certain amount (Mg.) of viscous material from 
which however no further crystalline products could be extracted. 

(ii) -Linoleic acid (Lapworth and Mottram process). Potassitim perman- 
ganate (8 g.) in ice-cold water (400 ml.) was added to a solution of the acid 
(4*8 g.) and sodium hydroxide (4*8 g.) in water (2*5 litres) at 0°. After standing 
for 5-10 minutes, the solution was decolorised, concentrated HCl (160 ml.) 
added, and the tetrahydroxystearic acids filtered and separated as above (m.p. 
173°, 0^9 g.; M.P. 155°, 1*4 g.; from the ethyl acetate mother-liquors 0*4 g. of 
material which melted inde^tely at about 128° was recovered. This appeared 
to consist of the acid, m.p. 155°, admixed with some azelaic or suberic%^). 
u/ (iii) Mixed fcdty acids of safflcrwer oil (modified Hazura proms). Thell|||^ 
acids include about 60 % of linoleic and about 25 % of oleic acid [cf. JarniiB 
and Gertler, 1929], The mixed acids (4-8 g.) were dissolved with potasri^ 
hydroxide (2-8 g.) in water (300 ml.) and mixed at 0° with a solution^f potassium 

* 4iollett [1909] leoords i.v. 159*5 for sold. 
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permanganate (3-7 g.) in water (200 ml.). After standing at O'" for 24 hours, 
the products were isolated as in (i), and were found to consist of: 

(a) 0*67 g. tetrahydroxystearic acid, m.p. 172^". 

(b) 0*75 g. tetrahydroxystearic acid, m.p. 15tel53''. 

(c) 0*24 g. M.p. 130 -135“ (impure dihydroxystearic acid). 

The yields of the tetrahydroxystearic acids m.p. 172“ and 151-153“ correspond 
respectively with about 18*5 and 20 % of the th^retical, calculated on 60 % 
of linoleic acid in the mixed safflower fatty acids. The reduced yield of dihydroxy- 
stearic acid from oleic acid, when a mixture of ohde and linoleic acids is oxidised 
by aqueous alkaline permanganate, was noted by Lapworth and Mottram [1925]. 
It is important ta bear in mind this mutual influence of one imsaturated a(*id 
upon another, if the alkaline permanganate oxidation procedure is to be em- 
ployed as an analytical method for the characterisation of oleic, linoleic or 
linolenic a<iid. 

(iv) FYeshly-divStilled methyl “a ’’-linoleate was shaken with mercury (0*2 g.) 
and nitric a(*id (sp. gr. 1-4, 0-5 ml.) in a stop|X*red bottle at room temperature 
for one hour in ordfT to effect geometrical isomerisation of the ethenoid linkages 
[drifliths and Hilditch, 1932]. The product w’as wash(‘d free from nitric acid and 
hydrolysed. The a(*ids obtained (4*8 g., i.v. 137*5) were oxidised by the Lapworth 
and Mottram j)roceflur(‘, wdien there* were flnally obtained 0*35 g. (m.p. 173“) 
and 0*6 g. (m.p. 155“). 

(v) “^’’-Linoleic* acid (3*<>g.) was oxidised by the modified Hazura pro- 
cedure, but only 6*10 and 0*07 g, of the crystalline acids m.p. respectively 173“ 
and 155" wen* recovenHl. The main product (2*7 g.) was recovered by extraction 
with ether of the a(|ueous acid oxidation protlucts as a mixtun* of oily acids 
(i.v. 13*7, mean e<|uiv. wt. 76). On longstanding in a vacuum desiccator the oil 
d<*posited a trace of crystalline acid which appeared to be impure suberic acid. 
The h)w equivalent of the main product indicates of cx)urse that a considerable 
amount of the ‘'j8’'-linol(*io acid had undergone disruptive oxidation into short- 
chain acids. 

The main rcs\ilts of the above experiments may be given in tabular form : 
in each cose 4*8 g. of linoleic aciil were oxidised and the weights and yields 
(% of theory) of the acids, m.p. 155“ and 173^, which were obtained are 
shown. 

Tet rahydroxy stearic acids 




M.l*. 

155'' 

M.F. 

’nr 

Acid oxidised 

Conditions of 
oxidation 

g- 

Yield 

O' 

.'O 

g* 

Yield 

o 

/O 

Mixed safflower acids 
(ca. i)0 % linoleic) 

Hazura 

0*75 

20 

0*7 

18 

a ’’-Linoleic 

Hazura 


43 

1*3 

22 

“a” -Linoleic 

Lapworth and Mottram 

1*4 

2:t 

0-9 

15 

“a ’’-Linoleic, afl^r “elaidini- 
sation” with oxides of 
nitrogen 

Lapwofth and Mottram 

O'C 

10 

0*35 

0 

-Linoleic 

Hazura 

0*1 

2 

015 

3 


The yields of the two tetrahydroxystearic acids in our experiment with 
“a ’’-linoleic acid by th^ Hazura -method (in all 65 % of theory) are higher than 
previously recorded and are not, if readily reprtiducible, unsatisfactory as a 
method of identification. In the other two cases quoted, we obtained combined 
Bioohem. 1935 XXJX 99 
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yields for the two acids of 38 % of theory, a figure intermediate between those 
of Nicolet and Cox (43 %), RoUett (33 %) and Hazura (31 %). We believe that 
much of the observed variation in jdeld is to be ascribed to the difficult recovery 
and se])aration of the products of the oxidation. In particular, we feel that the 
quantitative recovery of the acid of m.p. 155°, because of its appreciable solu- 
bility in cold water and of the relatively large volumes of water necessarily 
present, is bound to be uncertain. In some of our experiments especial attention 
was paid to this feature and the aqueous solutions were considerably reduced 
in bulk by evaporation, a procedure w'hich adds greatly to the length of time 
consumed in the operations but which probably accounts for the high yield of 
this acid obtained in the instance recorded. 

The most significant point brought out in the table above is that the linoleic 
acid present in the mixed acids of safflower oil appears to have given yields of 
the two tetrahydroxystearic acids of much the same order as those usually 
observed in the case of “a "-linoleic acid. In conjunction with the evidence 
obtained in the oxidation of “jS ‘’-linoleic acid (cf. below), this seems fairly con- 
clusive evidence that the natural linoleic acid in the seed fat behaves, so far as 
the alkaline permanganate oxidation is concerned, as if it were the “a ’'-acid. 

The small yields of the acids, M.P. 155° and 173 , from the oxidation of the 
“a ’’-linoleic acid after its treatment with the “elaidin'’ reagent show, if indeed 
proof be required, that the proportions of these acids produced are dej)endent 
on the geometrically isomeric forms of ^“"‘'‘-octadecadienoic acid which may 
be present. In this experiment, in addition to the acids shown in the table, a 
very small amount (0*1 g.) of a third tetrahydroxystearic acid, m.p. 140-141° 
(the melting point of which was depressed on admixture wdth the acid of 
M.P. 146°, V, infra) was also produced. 

The oxidation of "-linoleic acid with alkaline permanganate (which, 
curiously, does not seem to have been investigated by the earlier workers) gave 
mainly an oil (i.v. 13-7, mean equiv. wt. 76) from which a very small amount 
of an acid (apparently suberic acid) was isolated. The general propert/ies of this 
substance indicate that the ‘*j8”-acid had undergone profound disruptive oxida- 
tion under the conditions of the Hazura process. ’’-Linoleic acid yields 
extremely small proportions of the two tetrahydroxystearic acids, m.p. 155° and 
172°, less in fact than the “elaidinised” or isomerised ‘'a "-acid. If therefore 
natural linoleic acid {e.g, in seed fats) were indeed a mixture of isomeric “a"- 
and “jS'’ -forms, the yields of these two acids would be quite uncertain criteria 
of the presence of the acid. We feel however that all the properties of the 
“^"-acid suggest that it may be a somewhat complex mixture of several trans- 
position products resulting from the action of bromine on the natural acid, and 
that the latter, although it gives lise (like the '‘a ’’-acid) to two forms of tetra- 
hydroxystearic acid, may well be a stereochemical individual, probably, in view 
of the independent work of Nicolet and Cox [1922] and of Suzuki et al, [1931 ; 
1932], the ‘^-octadecadienoic acid. This view is certainly reinforced 

by the similarity in yields of the two tetrahydroxystearic acids, m.p. 155° and 
172°, from natural and from “a ’"-linoleic acid. 

Oxidation with hydrogen peroxide and acetic acid, 

(i) Methyl ''a”-linoleate (10 g.) was dissolved in glacial acetic acid (100 ml.) ; 
perhydrol (35 % HgOg, 10 ml.) was added at 0° and the solution kept at this 
temperature for 2 days, during which 30 ml. more of p^hydrol were added 
(with 100 ml. of acetic acid to maintain complete solution of the ester). The 
solution was kept at 0° for a further 7 days. It was then poured into excess 
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of 7 % aqueous ammonia solution and the oxidation products were removed by 
extraction with ether and converted into the free acids as described by Hilditch 
and Lea [1928]. The ether solution of the free acids deposited a solid compound 
(1*8 g.) which, after recrystallisation from ethyl acetate, melted at 146''. 
(Found: C, 61*6; H, 9*9 %. requires C, 62*1; H, 10*3 %.) This tetra- 

hydroxystearic acid was distinct from that melting at 155^ (a mixture of the 
two acids melted indefinitely between 14P and 148®). 

The residue (7*4 g.) from the ether solution was an oil (i.v. 6*9) which, after 
standing for some weeks, deposited a small quantity (0*3 g.) of a solid acid which 
melted, after crystallisation from ethyl acc^tate, at 126®. (Found: C, 62*7; 

H, 10*3 %.) No further crystalline products were obtained from this oil, which 
formed the greater part of the products of oxidation. 

The yields of the two isomeric tetrahvdroxystearic acids, m.p. 146® and 126®, 
were respectively about 14 and 2 % of the theoretical. 

(ii) Methyl “a'*-linoleate (10 g.) was similarly oxidised in acetic acid solu- 
tion (100 ml.) with perhydrol (40 ml., added in two portions) at 70-80® for 

10 hours. The product was worked up as in (i), and a small quantity (0*4 g.) of 
the acid, m.p. 146 , separated from the ether solution of the recovered acids. 
The remainder (5*0 g.) of the product was an oil (i.v. 14*1) from w*hich boiling 
water removed a very small quantity of a solid acid: this, on crystal li.sation 
from benzene, meltt'd at 95® and appeared to be azelaic acid : no other crystalline 
acids could be obtained from the oil. The loss of material (nearly 5 g.) in this 
exp^Timent is noteworthy, and suggests considerable formation of water-soluble 
acids of low molecular weight : it was also observed that the alcoholic alkaline 
solution became very dark in colour during the hydrolysis of the oxidised esters. 

(iii) The methyl esters (10 g.) of the mixed fatty acids from safliowTr seed 

011 w^ere treated in glacial acetic acid (150 ml.) with perhydrol (30 ml.) at 0® for 
a week under the conditions described in the preceding experiment (i). The 
products finall}^ isolated included : 

0*37 g. tetrahydroxysti^aric acid, m.p. 146® (equivalent to about 5 % of the 
linoleic acid present; m.p. unchanged on admixture with the corresponding acid, 
M.p. 146®, from experiment (i)); 

0*1 g. tetrahvdroxystearic acid, M.p. 119-121®, which was apparently an 
impure specimen of that obtained in experiment (i) (mixed m.p. 121-125®). This 
corresponds with about 1 % of the linoleic acid present ; 

11 g. 9:10-dihydroxystearic acid, m.p. 92® (m.p. 93® when mixed with pure 
9:10-dihydroxystearic acid of m.p. 95°); 

5*9 g. of viscid, indefinite products of oxidation (i.v. 16*3). 

(iv) "‘jS ''-Linoleic acid (3*9 g., i.v. 133) was similarly oxidised in glacial 
acetic acid (60 ml.) with perhydrol (12 ml.) at 0® for a week. Almost the whole 
of the products recovered was in the form of a very viscous, gum-like material 
which showed the typical reactions of an organic peroxide (4*0 g,, i.v. 11*9. On 
heating under vacuum at 100® for 1 hour, evolution of gas took place and the 

I. v. of the substance increased to 14*3). A very small amount (0*03 g.) of tetra- 
hydroxystearic acid, M.P. 141-144®, was the only other product isolated. 

It seems certain that the tetrahydroxystearic acid, m.p. 146® (which was 
similarly obtained from linoleic acid by Smith and Chibnall [1932]) is the same 
compound as that described by Nicolet and Cox [1922]; but the other isomeric 
acid, M.P. 126®, does not appear to be the same as the acid of m.p. 135® obtained 
by the latter authors. 

Towards hydrogen peroxide (or peracetic acid), as well as towards alkaline 
permanganate therefore the behaviour of the natural linoleic acid differs ma- 
de — 2 
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terially from that of either oleic or elaidic acid. The monoethenoid acids 
(especially elaidic) arc readily converted by hydrogen peroxide and acetic acid 
into one or other of the isomeric 9:10-dihydroxystearic acids; moreover, in the 
case of oleic acid the dihydroxy- acid produced is that melting at 95°, whilst 
elaidic acid yields the other form, m.p. 182° (i.e. the opposite acid is produced 
in each case to that obtained by the use of alkaline permanganate). With linoleic 
acid, two new tetrahydroxystearic acids are produced, in very small yields, but 
neither has apparently any simple relationship to those obtained in the alkaline 
permanganate oxidation. This is illustrated by the fa(;t that alkaline perman- 
ganate oxidation of methyl “a ’-linoleate which had been ‘'elaidinised’' did not 
furnish either of the acids, M.r. 146° or 126°. (The possible stereochemical re- 
lationships of isomeric 9;10:12;13-tetrahydroxy8tearic acids have been disctissed 
by Nicolet and Cox [1922].) 

Linoleic acid and esters are largely con\H‘i‘t.ed at 0° by hydrogen peroxide 
into viscous products of an organic peroxide or ‘‘linoxyn'’-like character, a 
behaviour which is exhibited to a considerably smaller extent by monoethenoid 
acids or esters [llilditch and Lea, 1928] ; at higher temperatures (76°) breakdown 
of the carbon chain evidtuitly becomes an important feature of tlu^ process. As 
a practical method for characterisation of linoleic acid, the hydrogen peroxide- 
acetic acid oxidation is seen to be dt'finittdy inferior to oxidation with alkaliiu' 
permanganate. 

Oxidation with perbenzoic acid. 

Perbenzoic acid (9-5 g., prepared by the method of Hibbert and Burt [1925] 
in 190 ml. chloroform) was left with methyl ‘'a^-linoleate at 0° in the dark for 
3 days. From the cold alcoholic alkaline solution employed to hydrolyse the 
resulting esters [r/. Boeseken, 1926; Steger and van Loon, 1927], there se})arated 
a crystalline potassium salt, the acid (2*6 g.) from which melted, after crystalli- 
sation from 70 % alcohol, at 79°. (Found : C, 69 0; H, 10*8 % . C\gH3204 requires 
C, 69*2; H, 10*3 %.) This corresponds with a dioxidostearic acid, but the com- 
pound could not be converted into a crystalline tetrahydroxystearic acid by 
either of the methods by which the above investigators have eff<^cted the trans- 
formation of mono-oxidostearic acids into 9:10-dihydroxystearic acids. The main 
product of the reaction was an oil (5*4 g., obtainexl from the products of cold 
alkaline hydrolysis of the esters after separation of the above-mentioned cryxStal- 
line potassium salt). This deposited some solid on keeping, but attempts to 
separate and purify the latter were unsuccessful. The oil, originally mobile and 
pale in colour, darkened and became viscous on heating at 100° in a vacuum. 

The yield of the dioxidostearic acid (about 25 % of the theoretical) was 
moderately satisfactory, at all events by comparison with those from most of 
the other processes discussed in the present paper. 

Oxidation by means of silver benzoate and iodine in benzene. 

The use of this reagent for the conversion of aliphatic ethenoid groups into 
diglycols has recently been proposed by Prevost [1933]. Since it does not seem 
to have been applied hitherto to the higher unsaturated fatty acids, we examined 
its action on the monoethenoid compounds, methyl oleate and elaidic acid, 
before employing it in the case of linoleic acid. 

Methyl oleate. Dry silver benzoate (15-5 g.) was added to a solution of methyl 
oleate (10 g.) in benzene (200 ml.). To the boiling solution there was added a 
solution of iodine (8*7 g.) in benzene (50 ml.). After refluxing fpir 3 hours, silver 
iodide was removed by filtration, and the residue (13 g., i.v. 5*6), after removal 
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of the benzene, was hydrolysed by Nj^ alcoholic KOH (250 ml.). The ether 
solution of the acids so obtained deposited a solid acid (4-1 g.), which, after 
recrystallisation from ethyl acetatcj, melted at 130® (unchanged on admixture 
with 9:10-dihydroxystearic acid, m.p. 131®). The acids which remained in solu- 
tion in the ether were freed from benzoic acid and were mainly liquid. 1-2 g. 
of a solid acid were separated from them however which, on purification, melted 
at 95® (no depression in m.p. when mixed with 9:10-dihydroxystearic acid, 
M.p. 95®) ; the remainder of the material (3*8 g.) remained in the form of an oil. 

Elaidic acid (10 g.) were treated in a manner similar to the above and finally 
yielded about 5*8 g. of a solid acid, which, on crystallisation, was found to 
consist entirely of the 9:10-dihydroxystcaric acid of m.p. 95® (m.p. observed, 
93-94°, unchanged on admixture with the pure acid). The isomeric dihydroxy- 
stearic acid (m.p. 131®) was not detectf^d; the remainder of the jjroduct was an 
oil (4*0 g.). 

It thus appears that, with the simple monoethylcnic acids, Prevost’s reagent 
leads to the production in about 50 % yi(?ld of a dihydroxy stearic acid, the 
remainder being an oil of indefinite character ; for the most part, also, the 
dihydrox 3 ^stearic acid produced is the same form as that obtained by oxidation 
of the original tdh vdenic acid with alkaline permanganate. 

Wiien methyl ‘‘a”-linoleate was submitted to this process, however, it was 
almost wholly conveited into a gumrnv material, from which extremely small 
amounts of the two tetrahydrox \^stearie acids, which result from the alkaline j)er- 
maiiganat<? oxidation, WTre recovered. From 10 g. of methyl '‘a’’-linoleate 
there was obtained a dark-coloured gum (11 g., i.v. 46*7), together with 0*3 g. 
tetrahydroxystearic acid, m.p, 153® and 0*1 g. (m.p. 168°) of an impure specimen 
of the isomerit' acid of m.p. 173®, 

Action of alcoholic alkali npoti tetrabromosUaric acid. 

We re-examini^d the action (wdiich has been studied b}" other workers) of 
ethyl alcoholic potash at difierent concentrations and temperatures upon the 
tetrabromostearic acid, m.p. 114®, derived from linoleic acid, but in no case, 
nor 1 ) 3 " the use of silver oxide, were we able to obtain anv tetrah 3 "drox 3 \stearic 
atnds. Removal of h 3 '’drogen bromide, with the production of ethylenic acids 
which usually also retain one or more bromine atoms, appeared to be the pre- 
dominant action in all cases [cf. Aibitski, 1899; Suzuki and Maru 3 "ama, 1931; 
1932]. 

We also heated tetrabromostearic acid with concentrated amyl alcoholic 
KOH in the hopi^ of producing a diacetylenic analogue of stearolic acid (from 
dibromostcmric acid, cf. Overbeck [1866]). Tetrabromostearic acid (m.p. 114®, 
20 g.) was refluxed with a solution of sodium hydroxide (14*4 g.) in amyl alcohol 
(60 ml.) for 4 hours. After removal of the amyl alcohol by distillation in steam, 
8*9 g. of oily acids (i.v. 135*0) were recovered. The lithium salts of these acids 
were completely soluble in 95 % acetone, whilst over 90 % of their lead salts 
were soluble in 95 % alcohol. It seems therefore that little or no diacetylenic 
acid had been produced, and that regeneration of octadecadienoio acids had 
mainly taken place. 

Linolenic acid. 

Oxidations mth alkaline permanganate solutions. 

By oxidation of either ** a ’’-linolenic acid or the mixed acids from linseed oil 
with alkaline permanganate we obtained the two hexahydroxystearic acids 
(M.p. 203® and 169®) in small yields of the order of those recorded by Hazura 
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[1888] and by Rollett [1909]. Attempts to increase the yields of these acids 
were uniformly unsuccessful. 

(i) The aqueous soap solution (150 ml.) obtained from the hydrolysis of 
ethyl '*a’'-linolenate (4-7 g.) was mixed at 0® with a solution of potassium per- 
manganate (12 g.) in water (400 ml.) and kept at 0° for a day. After decoloration 
and acidification with sulphuric acid a small amount of solid (0-2 g.) separated 
which, after crystallisation from alcohol, melted at 203^^. (Found: C, 56-6; 
H, 9*8 %, C^gHg^Og requires C, 56-9; H, 9*5 %.) The aqueous filtrate was 
concentrated, after neutralising, to about 150 ml. and again made acid and 
filtered whilst hot, when 0*8 g. of acid, m.p. 180-188'^ (indef.) was separated; 
the filtrate, on cooling at 0° overnight, deposited 0-6 g. of acid, m.p. 174"^. These 
two acid fractions were separately crystallised several times from alcohol, and 
eventually there were obtained in all (a) 0*3 g. more of the acid, m.p. 203°, and 
(b) 0-7 g. of an acid which finall3^ melted at 160°. (Found: C, 57*2; H, 9*7 %.) 
Thus, in all, from 4*2 g. of linolenic acid there were isolated 0*5 g. of hexa- 
hydroxystearic acid, m.p. 203°, and 0*7 g. of hexahydroxystearic acid, m.p. 166°, 
representing together a yield of about 18 % of the theoretical. 

/ (ii) The mixed fatty acids (50 g.) of linseed oil were dissolved in water 
(1 litre) with potassium hydroxide (12 g.) and mixed at 0° with a solution of 
potassium permanganate (50 g.) in water (2 litres) [Hazura and Friedreich, 
1887]. After 24 hours, the solution w'as decolorised with SOg and made acid with 
dilute H2SO4, and the precipitated acids (which consisted mainly of hexa- 
hydroxystearic acid, M.p. 203° and the two tctrahydroxystearic acids, m.p. 155° 
and 173°) W’ere filtered. These were boiled with water, w^hen most of the hexa- 
hydroxystearic acid and of the tctrahydroxystearic acid, m.p. 155°, dissolved. 
The insoluble portion was recrystallised from alcohol and was found to be tctra- 
hydroxystearic acid (0*2 g., m.p. 173°) containing a little hexahydroxystearic 
acid. (Found: C, 61*2; H, 10*1 %•) 

When the water-soluble portion was treated with ethyl acetate, the hexa- 
hydroxystearic acid remained undissolved and was further purified by crystalli- 
sation from ethyl alcohol (1*1 g., m.p. 203°) ; the more soluble portion was twice 
recrystallised from ethyl acetate (0*1 g., m.p. 150°). 

The original acid filtrates from the oxidation wore neutralised and concen- 
trated to 4(X) ml.: after again adding sulphuric acid, an acid separated 
which melted at 167°. This, the main yield of hexahydroxystearic acid, was 
mixed with small amounts of lower-melting hexahydroxystearic acids ob- 
tained in the above separations and yielded, after two crystallisations from 
methvl alcohol, a product (2*5 g.) which melted at 169-170°. (Found: C, 57*1; 
H, 9*3 %.) 

Calculated on the amounts (approx. 40 % each) of linolenic and linoleic 
acids present in the original mixed linseed oil acids, the yields of the four 
products were about 5 % of hexahydroxy-acid, m.p. 203°, 10 % of hexahydroxy- 
acid, M.p. 169-170°, 0*8 % of tetrahydroxy-acid, m.p. 173°, and 0*5 % of tetra- 
hydroxy-acid, m.p. 155°, as compared with theory. It is noteworthy that the 
yields of the tetrahydroxystearic acids in this experiment were much lower 
than when linoleic acid was oxidised under similar conditions, but in absence of 
linolenic acid. This behaviour has an exact parallel in the analogous falling-off 
in the yield of 9:10-dihydroxystearic acid from oleic acid when a mixture of the 
latter with more than a certain maximum of linoleic acids is oxidised with 
alkaline permanganate. 
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Oxidation with hydrogen peroxide and acetic acid. 

Ethyl ‘*a’’-linolenate (10 g.) was dissolved in glacial acetic acid (200 ml.) 
and perhydrol (60 ml.) added, the solution being kept at 0^ for 10 days. The 
material was then worked up as described in tlie case of the corresponding 
experiment with methyl '‘a”-linoleate, but no crystalline potassium salts sepa- 
rated, and the product obtained (6*5 g., i.v. 39*3) was a viscous oil from which 
no crystalline solids could be isolated. This oil showed the characjteristic pro- 
perties of an organic peroxide and, when heated at 100° in a vacuuim, evolved 
gas abundantly, its i.v. increasing to o2*8. Jt thus closely resembled in pro- 
perties the oils obtained as by-prod\icts during the similar oxidations of methyl 
olcatc or elaidate [Hilditch and Lea, 1928]. Approximately one- third of the 
original ester hafl disappeared, presumably in the form of free acids removed 
during neutralisation of the acetic acid (solvent) with aqueous ammonia: so 
that a considerable proportion of the ester had undergone disruptive oxidation. 

Oxidation with perbenzoic acid. 

Ethyl “a”-linolenatc (log.) in chloroform {305ml.) was mixed with per- 
benzoic acid (21 g.) and the solution kept at 0° for 10 days. The products 
(isolated as in the ca.se of the corresponding experiment with linoleic ester) were 
a pale yellow oil (3*7 g., i.v. 8*3) readily soluble in ether and a thick gum 
{10*6 g., T.v. 3*0, equiv. wt. 319*6) which was sparingly soluble in ether but 
readily so in alcohol. Like the corresponding material obtained under these 
conditions by Baiu‘r and Kutsche [1925J, the composition of this gum apjx^ars 
to approximate to that of a compound Ci7H29(()3)C02H (equiv. wt., calc., 326). 
No crystalliiK' oxido-compounds were isolable, nor was it found possible to 
convert th(‘ gum into crystalline hydroxy-acids by hydrolysis with 5 % sul- 
phuric acid dissolved in % aqueous acetic acid (method of Boeseken [1926]). 

Summary and discussion. 

The above results may be summed up by saying that, so far as the charac- 
terisation of linoleic or linoleiiic acids is concerned, we have found no better 
/iiethod than the original process of oxidation with alkaline permanganate as 
proposed by Hazura, but that this procedure, at best, leads to the isolation of 
crystalline tetra- or hexa-hydroxystearic acids in yields which respectively corre- 
spond with only about 40 % of theory from linoleic, or 15-18 % of theory from 
linolenie, acid. 

Of the alternative methods we have examined, the only promise was shown 
in the oxidation of linoleic acid by perbenzoic acid w^hen, however, only a 25 % 
yield of a crystalline product resulted ; with linolenic acid perbenzoic acid 
furnished no crystalline products. Hydrogen peroxide in acetic acid (peracetic 
acid) gave small yields of two other isomeric tetrahydroxystearic acids from 
linoleic acid, but no definite products in the case of linolenic acid. The other 
methods studied all led to negative results. 

On the other hand, the data given in this paper (chiefly those which concern 
the oxidations with alkaline permanganate) lead to several definite conclusions 
of some importance. Firstly, we have already emphasised the similarity in 
yield of tetrahydroxystearic acids from the linoleic acid in a natural fat and 
from a ^’-linoleic acid (prepared from the crystalline form of tetralwomostearic 
acid); taken in conjunction with the failure of *'^**-linoleic acid to yield any 
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appreciable' quantity of either of the crystalline tetrahydroxystearic acids (a 
featui'e apparently not prev^iously examined), this points strongly to the likeli- 
hood that the linoleic acid of seed-fats is confined to one geometrical form. The 
latter evidently undergoes isomeric change or “inversion"’ to some extent 
during bromination or oxidation. 

Secjondly, our results leave us unsatisfied that the so-called ’’-linoleic acid 
is simply a mixture of other forms of A‘’^''’^‘^'‘^-octadecadienoic acid. From the 
oxidation results, it api)ears still to contain a certain amount (perhaps 10“-12 %) 
of the “a ’’-acid; whilst, from its low i.v. and other considerations, we are 
inclined to suspect that part, at least, of this product has undergone more 
profound alteration than the mere conversion of cis- into ^m^i.«^-ethenoid 
linkages. 

We consider the behaviour of “elaidinised'’ “a ’’-linoleic acid to be much 
more significant. Here we know that the action of oxides of nitrogen is confined 
to effecting cis-frans isomerisation (except for the subsidiary production of small 
proportions of stable nitroso- or nitro-addition })roducts). The isomerised acid 
still furnished, as would be expected from an equilibrium mixture of isomerides, 
a certain diminished yield of the usual tetrahydroxystearic acids, but no others 
(except for a minute amount of the isomoride of m.p. 140"). We regard this as 
evidence that some at h^ast of the remaining three geometrical isomerides of 
A‘^'^'’i‘‘^‘’'^-octadecadienoic acid do not yield any crystalline tetrahydroxystearic 
acids under tht' conditions of the Hazura oxidation. Inability to obtain these 
acids from an octadecadienoic acid therefon' only proves the absenct' of the 
isomeride pres(nit in seed fats (or the “a"’-linoh‘ic acid), and does not ('X(*lud(' 
the presence of other forms of the A** ‘‘’-acid (or, of course, of other positional 
isomerides). 

Another point which has (‘merged during the present study is that the 
isomeric tetrahydroxystearic acids obtained from linoleic acid on the oiu' hand 
with alkaline pc'rmanganate and on the other hand with hydrogen fx'roxide in 
acetic acid do not bear any simple relationship to each other, wiu'reas in th(^ 
corresponding rnonoethenoid series (oleic and elaidic acids) there is a very 
definite interrelationship in this respect. 

Although much of the evidence discussed in this communication is negative 
in tendency, it is felt desirable to jdace it on record for the following rt'asous: 
(a) the whole subject seemed to merit re-examination on a systematic basis in 
one investigation, in view of the somewhat divergc'ut statements in the litera- 
ture; (h) it w^as desirable to standardise, if possibh', the criteria for natural 
linoleic (and linolenic) acids; (c) so far as the authors are eoneei'iied, the work 
forms an essential preliminary to the further investigation of the unsaturated 
Cj^-acids of butter fat to wdiich we return in the following paper. 
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The presence in cow milk fats of an octadecadienoio acid (and, especially, of 
ordinary linoleic acid ( A'* ^‘’-octadecadienoic acid) in the form in which it 
occurs in seed fats) has been for some time past a matter of discussion. Hilditch 
and flones [1929] examined the acids from pure ester fractions obtained in 
the course of quantitative fractional distillation of th(^ methyl esters from the 
“liquid” acids of butter fat and failed to obtain any characteristic tetra- 
hydroxystearic acid by oxidation, or any definite brominated acid (other than 
a trace of ether-insoluble bromo-acids which darkened without definitely melting 
at 170-180°). More recently Eckstein [1933] obtained small yields of crystalline 
bromo-addition products from the unsaturated acids of cow milk fat which 
however only accounted for about 0*2 % each of linoleic and linolenic acjids, 
whilst Bosworth and Browm [1933], studying fractions obtained by the distilla- 
tion of the mixed methyl esters of cow butter fat (without recourse to prior 
separation of the latter into mainly saturated and mainly uiisaturated portions), 
have concluded that neither ordinary linoleic, linolenic nor stearidonic acid is 
present. The latter authors attribute any polyethenoid unsaturation in cow 
butter fat to small proportions of arachidonic acid, 020 ^ 32 ^^ 2 ? statement which 
implies that diethylenic Cjg acids (in any form) arc absent. Later, Bosworth 
and Sisson [1934] have stated that arachidonic acid and small proportions of 
behenic acid are present in butter, which however contains no arachidic, linoleic 
or linolenic acid. On the other hand, Bosworth [1934] has examined human 
milk fat, using the same partial fractionation sejiaration as that of Bosworth 
and Brown, and obtained ester fractions containing Cjg unsaturated acids which 
gave without difficulty the tetrabromostearic acid, m.p. 113°, characteristic of 
ordinary linoleic acid. 

The amount of arachidonic acid present in cow butter fat is insufficient 
however to account for the unsaturation displayed by the Cjg ester fractions 
which are consistently obtained from cow butter fatty acids which have been 
correctly sepai*ated and submitted to the ester fractionation process [Hilditch, 
1934]. The ester fractions in question invariably correspond to 15-20 % of the 
total butter fatty adds and possess an average unsaturation more than 10 % 
in excess of that of methyl oleate. If, as appears almost certain, stearidonic or 
linolenic acids, if not absent, are present in only minute proportions, the excess 
of unsaturation over that demanded by oleic acid remains to be explained. The 
work now recorded, which has been directed towards this end, includes an 
examination, by various means, of the acids in these particular ester fractions. 
The results of the investigation are uniformly consistent with the view that the 
unsaturation in question is due to the presence of an octadecadienoio acid; and, 

( 1564 ) 
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although it has unfortunately not proved possible to isolate either the acid itself 
or any characteristic crystalline derivative thereof, we believe that our results 
point to the presence of one or more of the geometrically isomeric forms of 
^^:*'^-octadecadienoic acid (other than ordinary linoleic acid). 


Preparation of methyl esters of Cm iiTisaturated acids 
from cow butter fat. 

The butter fat used in the present experiments was from a composite sample 
of milk from several mombers of the Shinfield typical herd, taken while the 
cows were at pasture in the early summer (June) of 1934. About 1350 g. of fat 
were used to provide the experimental material ; this was worked up in batches 
of 450 g. according to our usual j^roiedure for quantitative determination of 
the component acids, although a full analj^sis of the fat was not made in the 
present instance. The mixed fatty acids from each batch were distilled in steam 
to remove the acids of lower molecular weight, and the residual fatty acids 
were submitted to the usual lead salt- alcohol separation. The acids from the 
alcohol -soluble lead salts were converted into methyl esters and fractionally 
distilled in the usual way. The results of this distillation in the case of the first 
batch of butter fat (450 g.) are given in Table I. 

Table I. Fracii ovation of methyl esters of '^Uqvid ' acids 
from, cow butter fat {450 g.). 


Fraction 

g- 

B.r. 

S.K. 

l.V. 

LI 

(il-77 

30-139 

240-6 

37-0 

L2 

19-30 

139-143 

287-2 

83-4 

L3 

17-26 

143-140 

291-0 

88-5 

Lt 

17-61) 

140-149 

293-6 

93-5 

L5 

18-19 

149-162 

294-7 

95-3 

US 

19-39 

162-157 

296-6 

96-8 

L7 

17-40 

167-140 

297-2 

98-7 

L8 

10-72 

14(>-faning 

297-3 

lOM 

L» 

11-62 

193-40 

Residue 

346-5 

111-4 

Fractions L4, 

L5, L7 and L8 were mixed and redistilled (Table II). 

Table II. Refractionation of ester fractions L4, L5, L7^ LS. 

Fraction 

g- 

B.P. 

S.K. 

I.V. 

L'l 

5-11 

140-150^ 

— 

93-6 

1^2 

13-14 

152-155 

296-0 

94-2 

L'3 

20-23 

155 

290-5 

97-8 


0-97 

165- falling 

— 

100-9 

L'5 

1-30 

Residue 

— 

— 


Of the above, L'2, L'3 and L6 were accepted as Cjg unsaturated ester 
fractions. 

The other two batches of butter fat similarly yielded the following primary 
Cjg ester fractions ; 



g- 

S.E. 

I.V. 

From batch 2 

lOS-O 

296-9 

96-2 

From batch 3 

1080 

296-8 

93-5 


These two fractions were united and refractionated (Table III). 
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Table III. 


Fraction 

g- 

B.P. 

I.v. 

L"1 


138-142“ 

— 

L"2 

52G.3 

142-145 

88-1 


48-00 

145-146 

90-6 

L"4 

44-02 

146-158 

95-5 

1/5 

34-74 

158-160 

98-7 


9-j59 

208-22 

Kesidue 



Fractions 2, 3, 4 and 5 (Table III) were used in preparing concentrates of 
the unsaturated esters in the manner about to be described. 

Further concemi ration of polyethenoul acid^ by crystallisation 
of lithium salts from alcohol. 

Apart from the fact that these acids do not yi(dd crystalline brorao-deriva* 
tives, we felt, for reasons dealt with in the preceding paper, that a chemical 
method of separation of any octadecadienoic acid present was undesirable. 
Owing to the greater solubility of linoleic salts as compared with those of oleic 
acid, separation by purely physical methods is not easy; but we found that by 
crystallising the lithium salts of the C^g unsaturated acids from the above ester 
fractions from 80 % alcohol, it was possible to increase the i.v. of the acids 
whose lithium salts remained in solution to about 115, representing (in a mixture 
of oleic and octadecadienoic acids) a concentration of 25-27 latter. 

It was not found possible to exceed this figure, and the concentrates thus 
obtained were used for the remainder of the experiments. 

Crystallisation, of lithium salts from 95 acetone. Bc^on^ undertaking the 
lithium salt-alcohol separations however an experimtuit was made in order 
to ascertain the proportion and i.v. of the acids whose lithium salts were soluble 
in 95 % acetone. Lithium salts of the polyethenoid acids (stearidonic, arachi- 
donic etc.) are freely soluble in thi.s medium [Tsujimoto, 1920 ; Ault and Brown, 
1934]. 

A portion of the acids from the ester fraction L6 (Table 1) (8*0 g., t.v. 101-5) 
was dissolved in warm acetone and neutralised with aqueous lithium hydroxide, 
the solvent being finally adjusted so as to contain 95 % of acetone and 5 % of 
water. From the lithium salts which crystallised out there were recovered 7*8 g. 
of fatty acids (r.v. 97*9) while the mother liquors contained lithium salts which 
yielded 0*6 g. of acids (i.v. 1 1 6*8). This result shows that the proportion, if any, of 
arachidonic or other highly unsaturated acid present in this fraction could only 
have been exceedingly small (arachidonic acid i.v. 334, stearidonic acid i.v. 368). 

Concentration of the polyethenoid acids by crystallisation of lithium salts from 
80 alcohol. The method used was that of Moore [1919]. The fatty acids (e.g. 
10 g.) were dissolved in 95 % alcohol (40 ml.) and exactly neutralised with 
approximately 4 A aqueons lithium hydi*oxide solution, after which alcohol was 
added to bring the composition of the solvent to 80 % alcokol, 20 % water. 
The solution was then cooled to 10^, the ciy stall ised lithium salts were filtered 
and washed with 80 % alcohol, and the fatty acids were recovered both from 
the crystallised salts and from those remaining in solution. 

The acids recovered from the soluble lithium salts (in which the proportion 
of polyethenoid acids had been increased, owing to separation mainly of oleic 
acid in the insoluble salts) were submitted to the same procedure a second and 
even a third time, with reduction where possible in the ratio of solvent to total 
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lithium Balts; but it wan found that, when the acids from the soluble lithium 
salts had reached i.v. about 113, further increases in i.v. were relatively small, 
and could only be obtained with concurrent loss of considerable proportions of 
acids of moan i,v. > 100 in the deposited lithium salts. The results of the suc- 
cessive crystallisations undei-taken are summarised in Table IV. 

Table IV. Partial concentration of polyethenoid acids by 
lithium sali-alcohol crystallisations. 

Acids from lithium wilts 


Acids used ^ , 

' ^ Insoluble Soluble 


No. 

From entcr- 
fractiouation 

b'- 

I.v. R. 

I.v. 

g- 

'' 1 

I.v. 



Fii*st 

crystallisations. 





V2, L':{, Lb 

10 1 

101*5 4*4 

96*3 

5*6 

100*9 

('d 

L^2, h'X Lb 


101*5 21*2 

93*9 

15*5 

110*2 

(d 

L"2 

45:i 

92*5 I 


|1M 

104*7 (x) 

(d 

(d 

L"a 

1/4 

4 10 
37-2 

100-2 ; ^ 

97*4 

Ill-O 
] 14*5 

1 9-4 

113*4 

113*5 

(/) 

L^o 

283 

103*()) 


118*8 


From in«ol. lithium 

Second crystallisations . 





isaltH 






iy) 

(a) and (6) 

20*7 

109*3 iH) 

9S*5 

14*3 

114*8 

(/O 

(r), ((/), (0 and {/) 

04*0 

97*4 77*0 

95*9 

15*8 

109*4 


f>om lithium salts 

Third crystallisations. 




(0 

{h) insol. 

77*3 

95-9 (i3-« 

93*0 

13*2 

105*3 (^) 
109*2 


{ji ) and (y) sol. 

24-(t 

104-9 11-2 

90*3 

11*9 

In Table is a list of the more 

uiisaturated acid fractions finally obtained, 

some 

of which Ave employed 

in the subsequent experiments. 




Table V. Final acid fractions used for further examination. 



A 

C 

1) K 

F 

G 

H 

Wt. (g.) ,-)•« 11-9 

L5'8 

L5*5 110 

14*5 

14*3 

9*4 

I.V. 

lOlS-9 109-2 

109*4 

110*2 113*4 

113*5 

114*8 

118*8 


The mean raol. wt. of the acids G (i.v. 114*8) was 280*1 ; since lithium salts 
of palmitic and myiistic acids are almost insoluble in 80 % alcohol, the pro- 
cedure employed will have concurrently led to the removal of any traces of 
these acids present in the original ester fractions, and therefore the observed 
value for the mean mol, wt. indicates that the acids consisted wholly of members 
of the Cig series. 

Bramo-addition products of the unsaturated Cjs acids. 

The acids G (i.v. 114*8, 5 g.) were dissolved in anliydrous ether (50 ml.) and 
cooled to —10°. Bromine (2*5 ml.) was slowly added from a burette during a 
period of 1 hour, the temperature being kept below —5°. After standing at — 10° 
for 2 hours, the solution was filtered and the separated crystalline bromo-addition 
products were washed with ice-cold ether (50 ml.), dried at 90° for 2 houi*s and 
weighed. The ether filti'ates were washed with a little aqueous sodium bisulphite, 
the ether was removed and the residue was dissolved in light petroleum (b.p. 
40-60°, 10 ml!) ; on cooling the solution to 0° a small amount of solid separated 
and was filtered. After complete removal of the light petroleum from the mother- 
liquor a pale yellow oH remained. 
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The weights, bromine contents and m.p, of these three products are recorded 
in Table VI, which also shows the weights of fatty acids (and their mean i.v.) 
corresponding with the observed bromine contents. 


Table VI. Brmno-addition products of fatty acids 0 (5 g., i.r. 114'8). 

Corresponding 

Bromo-addition products unsaturated acids 


Separation 

g- 

%Br 

M.p. 

g* 

0/ 

/o 

I.v. 

Insoluble in ether 

01 9 

65-8 

Indefinite, charred 
at 160" 

0-065 

1*2 

304*9 

Soluble in ether, insoluble in 
light petroleum at 0^' 

OOG 

(>4-7 

with charring 

0*02 

0*4 

29M 

Soluble in light pc'trolcum at O'" 

8*20 

40*0 

Liquid 

4*92 

98*4 

106*9 


It will be seen that, in agreement with previous observations, no indication 
of crystalline insoluble tetrabromostearic acid, m.p. 114°, is given by these 
results, the small amounts of ether- or petroleum-insoluble bromo-addition 
products melting indefinitely and charring at about 160° and containing about 
65 % of bromine, Jn the light of Bosworth and Sisson’s recent study [1934] of 
the bromo-addition products from arachidonic acid, these products might l>e 
derived from the latter ; they might e({ually well, from the data, include a certain 
amount of the bromo-addition products of linolenic or stc^aridonic acid (% Br 
(theory) : octabromoarachidic acid 67*8 % , octabromostearic acid 69*9 % , hexa- 
bromostearic acid 63-3 %). However this may be, the fatty acids represented 
by these crystalline bromo-products only form 1-6 % of the whole fraction. 

The remaining 98-4 % of fatty acids yield the liquid, pcdroleum-soluble 
products, and neither the proportion nor the bromine content of these soluble 
products appears to have been considered by Eckstein or by Bosworth and 
Brown. The bromine content, as would be expected, is definitely higher than 
that of dibromostearic acid (36*2 %), although the calculated mean j.v. for the 
original mixture of acids (from the last column of Table VI) is only 109*4 as 
compared with 114*8 (observed); in other words, the total addition of bromine 
was about 4*5 % short of the theoretical, in terms of the (Wijs) i.v. determina- 
tions. 

This result establishes definitely that the matt^rial, which gives rise in these 
acids to I.v. in excess of that of oleic acid, also yields bromo-addition products 
of corresponding bromine content which, to an overwhelming extent, are liquid 
and soluble in light petroleum at O ’. 

We have found that, when linolenic acid (of linseed oil) is brominated, the 
ether-soluble bromo-addition products are also soluble to the extent of some- 
what less than 50 % in petroleum (representing about 25 % of the total linolenic 
acid). If the 98*4 % of acids yielding petroleum-soluble bromo-addition products 
in Table VI consisted of a mixture of oleic and linolenic acids, the proportion 
of the latter in this fraction would have been about 9 % , that is, about 5-6 times 
as much as the whole of the unsaturated acids which yielded crystalline addition 
products containing about 65 % of bromine. It is therefore extremely unlikely 
that the jiolyethenoid acid present is linolenic acid, and correspondingly less 
likely that it is stearidonic or .other still less saturated acid. The only alternative 
is of course an octadecadienoic acid. 

The composition of the unsaturated acids (G) of i.v. 114-8 indicated by these 
bromo-addition products is thus (in round numbers) : oleic acid 75 % , octa- 
decadienoic acids 23-5 %, tri- and/or tetra-ethenoid acids 1-5 %. 
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Oxidation of the methyl enters of the Cjs-unaaiurated acids by 
potassium permanganate in acetone. 

When ordinary methyl linoleate or methyl oleate is oxidised by potassium 
permanganate in acetone the products are methyl hydrogen azelaate and, re- 
spectively, w-hexaiioic or n-nonanoic acid [Armstrong and Hilditch, 1925; 
Hilditch and Vidyarthi, 1929]. The acids given in Table if mixtures of oleic 
and octadecadienoie acids, must still contain about 75 % of oleic acid, so that 
the oxidation products of their esters would include considerable proportions 
of ?i-nonanoic acid. Nevertheless, it was decided to investigate the mixture of 
acids obtained from their oxidation, since it appeared impracticable to obtain 
a higher concentration of tlie polyethenoid acids. 

The acids of fractions E and F (Table V, i.v. 113-5) were converted into 
methyl esters (25 g., i.v. 108-2), which were dissolved in boiling acetone (250 ml.) 
and gradually oxidised with finely powdered potassium permanganate (100 g.). 
After refluxing for an hour after the addition of permanganate was completed, 
the acetone was removed and the residual product powdered and mixed with 
sodium bisulphite (120 g.). W^'ater (200 ml.) was then cautiously addend, followed 
by 50 % sulphuric acid (240 g.) in order to effect decoloration and solution of 
manganese oxides. The solution was extracted with ether and the ether washed 
twice with water (the aqueous solution and washings (A, t\ infra) were united 
and n^served). The ether<*al solution was then thoroughly extracted with 10 % 
aqueous potassium carbonate and subsequently washed with water, the alkaline 
extract and washings |B) being united and reserved. The ether contained 8-2 g. 
of unchanged or partially oxidised neutral esters (i.v. 63-0). 

The aqueous extracts A w^ere distilled in steam, the condensate being 
thoroughly extracted with ether. The ethereal extract was dried over sodium 
sulphate for 2 weeks, and the (‘ther was then removed b}’ distillation. A very 
small amount of residue was left which possessed the characteristic smell of 
ethyl acetate and distilled almost completely at 78"^; the amount of distillate 
was however too small for further examination. 

The potassium carbonates extracts and washings B were made acid wdth 
dilute sulphuric acid and were then also distilled in steam for some hours. The 
residue from the steam -distillation W'as hydrolysed by acjueous caustic potash 
and subsequently made acid, somewhat impure azelaie acid (8 g., m.p. 98") being 
obtained ; we were not able to detect the presence of any other dicarboxylic 
acid. (The complete oxidation of 16*8 g. of unsaturatc?d (A**’*’) C\g esters would 
result in the production of 10-7 g. of azelaie acid.) The condensate (ca. 1500 ml.) 
from the steam distillation w&s extracted with ether and the ether extract ebied 


as under (A); after removal of the ether the residue was fractionally distilled 
from a plain Willstatter bulb at atmospheric pressure with the results shown 


in Table VII. 


Table VII. 


Fraction 

g- 

B.P./760 mm. 

Equiv. YTt, 

1 

0-35 

85-10(F 

604-0 

2 

0-69 

100-200 

137-5 

3 

0-74 

200-210 

13M 

4 

1-74 

210-230 

139-2 

6 

1-77 

230-237 

148-9 

0 

1-04 

Ueaidue 

163-7 


6-33 


Fraction I was obviously mainly water with some ether. Fraction 2 also 
evidently still contaiiied a little water, but the greater part of this fraction came 
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over at 190-200°, and steady boiling only set in at this point. From this, and 
the fact that the lowest equiv. wt. observed was 131*1, we feel confident that 
no acid lower than n-hexanoic (mol. wt. 116, b.p. 205°) was present in any 
quantity. If we assume that the acids in fractions 2-5 wei*e mixtures of 
w-hexanoic and n-nonanoic, the total yield of %-hexanoic acid would be 1*74 g., 
corresponding with 4*41 g. of a methyl A**'^^’*^"‘‘‘*-octadecadienoate; the amount 
of the latter ester in the 25 g. of esters oxidised (again supposing this 
to be a mixture of methyl oleate and octadecadienoate) would have been 
6*43 g. 

An alternative supposition consistent with the above observations (Table VII) 
is that w-heptaiioic acid was the member of lower mol. wt. ; in this case the acid 
from which it was derived would have been the conjugated A** *^^’ ’^‘^‘■'-octadeca- 
dienoic acid. The qiiantity and ease of isolation of the rec^ovtTcd azelaic acid 
were quite similar to those in many eases we have had occasion to examine in 
which ordinary methyl oleate-linoleate mixtures have betm submitted to this 
oxidation. Our present results therefore seem to fix the unsaturation in the 
polyethenoid acids as lying betw<'en the ninth and tlui twelfth or thirteenth 
atoms in the carbon chain (counting from the carboxyl carbon) . This definitely 
limits the acid or acids in question to the diethylenic series. 

We felt however that the detection of small amounts of (‘thyl acetate merited 
further attention, since, if the acetic* acid had resulted from the decomposition 
of malonic acid formed during the oxidation, this would be evidence of the 
original presence of the gi'ouping — CJH:CH .CH 2 .(^H:CH — . (The oocurrcncje 
of ethyl acetate, rather than free acetic acid, is readily to be* accounted for by 
esterification of the latter, by alcohol present in the ether^, during the prolt)nged 
desiccation of the ether solutions by anhydrous sodium sulphate.) The following 
additional experiments were therefore undertaken in oi*der to ascertain the 
origin of the aceti(; acid. 

Blank'' oxidations with potassium permanganate and acetone. In two sepa- 
rate experiments, the acetone as used in the previous oxidation (250 ml.) was 
refluxed with finely powdered potassium permanganate (10 g.) for 2 hours, after 
whi(;h the acetone was distilled and the residues were worked up exactly as whoti 
the butter esttT-fractions had be<*n oxidised. In neither case w'^as any distillate 
boiling below 100° obtained from the dried ether extracts of the r(^8pe(*tive 
steam-distdlates, nor was any odour of ethyl a(*etate or acetic acid detectable; 
the only products obtained were very small amounts of liquid (b.p.>140°), 
which from theii* odour appeared to consist of mesityl oxide or similar con- 
densation products. 

Control oxidation with pure methyl oleate. A specimen of pure methyl oleate 
(25 g.), from oleic acid which had been freed from linoleic acid by crystallisation 
of its lithium salt, was oxidised, and the products were worked up, exactly as in 
the case of the above exper iment, 6*3 g. of unchanged or semi-oxidised neutral 
ester (i.v. 62*4) being recovered. No distillable products were obtained from the 
steam distillation of the aqueous washings (A, p. 1569) and no odour of ethyl 
acetate or aeeti(* acid could be detected, but the minute amount of liquid residue 
had the characteristic odour of ethyl nonanoate. Similarly, no acetic acid or 
ester could be detected in the extract from the steam-distillation of the acids 
produced after hydrolysing the alkali-soluble products of oxidation (B, p, 1669), 
The distillation of these products is summarised in Table VIII. 

^ It is our practice to add alcohol, during the extractions with jt-lkalit, jbu order to dinunish 
emulsification. 
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Table VIII. 


No. 


B.p. 

Equiv. wt. 

1 

(2 dropH) 

l(K)~20r)"/7b0 mm. 

— 

2 

1-53 

200-225^7761) mm. 

142-4 

3 

1 09 

225^2307760 ram. 

151-8 

4 

i-3K 

79- 84'7 15 mm. 

154-4 

5 

1-27 

84- 907 15mm. 

151-8 

f) 

104 

fK)- 88 / 15 rum. 

153-3 

7 

1-43 

Falling / 15 mm. 

155-3 


Oxidation of Cjs immiuraied ester -fractions from groiind-nut oil acids. Finally, 
the iinsaturated acids of ground-nut oil were isolated by the lead salt-alcohol 
separation, and their methyl estcTs fra(^tionaJJ 3 ’^ distilled. Tlie (\g ester fractions 
so obtained had i.v. IIFT, i.e. their mean unsaturation was comparables with 
that of the butter est(T- fraction which had been oxidised, whilst in this instance 
it was known that the polyethenoid derivative present was the ester of ordinary 
or seed fat A” “-ot'tadeeadienoie acid. On oxidation exactly as in the pre- 
vious instances, 11*5 g. of unchanged or Hemi-oxidis(»d neutral esters (i.v. 78*2) 
were re<;o vered from th(‘ 25 g. of esters taken. The extract (A) from the steam- 
distillate of the aqueous wasliings yielded 3-4 g. of a licpiid, b.p. 78-82'\ which 
was neither acid nor est<*r and appeared to (‘onsist mainlv^ of alcohol; in this 
case no snK‘ll of ethyl acetate or of aeetic acid (other than a slight ‘‘pyroligneous 
acid'’ odour) was observed in this fraction. 

The result of the (orrespoiiding distillation of the extract (B) from the steam- 
diatillate of the acids obtained after h\'drolvsis of the alkaline washings is shown 
in Table IX. 


Table IX. 


No. 

K- 

B.p. 

Equiv, wt. 

1 

0-24 

80-1.307760 mm. 

136-3 

*> 

0-r)3 

130-1787760 mm. 

120-1 

3 

0-74 

178-1907760 mm. 

125-5 

4 

1-28 

ltH)-208 /760 mm. 

130-6 

5 

l-OO 

208-2l07/7(>() mm. 

135-3 

6 

0-75 

63“ 84'", 15 mm. 

143-0 

7 

0-42 

84- 867 15 ram. 

loM 

8 

0-09 

Kesidue 

154-4* 


* Determined after extraction of acidie matter from the cham‘d residue by afj[ucous potassium 
carbonate, followed by recovery of the extracted acids. 


Fraction 1 smelled strongly of ethyl acetate and aeetic acid and fractions 2-3 
of the latter. The boiling-points and equiv. wt. of fractions 2 and 3, considered 
together, also suggest that a mixture of acetic with acids of much higher mol. wt. 
was coming over at this stage. These fractions were united, dissolved in ether 
and extracted with water to eflfect as much separation as possible of any acetic 
acid present; the recovered acids (0*94 g.) had oquiv. wt, 125*8. In this experi- 
ment the acetic acid thus appeared in fraction “B" rather than “A’. Apart 
firom this, the character of the acids in fractions 4-7 closely resembles that of 
those obtained in the corresponding distillation (Table VIT) of the monobasic 
acids from the oxidation of the butter ester-fraction. 

Calculated on a mixture of w-hexanoic and /^-nonanoic acids, the fractions 4-7 
(with the recovered 0*94 g. of acids from fractions 2 and 3) contained 2*14 g. of 
n-hexanoic acid, corresponding with 5*42 g. of methyl *‘“*‘’'*-octadecadienoate. 
The amount of the latter ester in the 25 g. of ground-nut oU esters oxidised 
(I.v. 111-7) is 7*44 g. 

Bioohem. 1035 xxix 


100 
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Comparing the oxidation of the ground-nut oil esters (Table IX) with those 
of the butter esters of similar mean unsaturation (Table V), and assuming that 
the latter were also mixtures of methyl oleate with a methyl A**'^’^* *‘^'^®-octa- 
deoadienoate, the respective proportions of ootadecadienoic ester accounted for 
as ti-hexanoic acid are 73 % (ground-nut oil esters) and 69 % (butter esters). 
This similarity is accompanied by a general parallelism in the mol. wt. of the 
distilled acid fractions of corresponding boiling-point in the two series. In these 
respects, and in the appearance of acetic acid (or ester), the two experiments 
are remarkably comparable and the results point to the conclusion that an 
octadecadienoic acid of the same structure (but not necessarily the same con- 
figuration) is present in cow butter fat and in ground-nut oil. 

Little significance would be attached to the appearance of small amounts of 
acetic acid in the oxidation products were it not for the fact that, in the products 
from the corresponding experiments with pure methyl oleate or with acetone 
alone, acetic acid was not detected in any instance. These negative observations, 
on the other hand, justify the conclusion that, in the ground-nut oil esters, the 
acetic acid results from the *^'^'‘-octadecadienoate present (by decomposi- 
tion of malonic acid formed in the course of the oxidation). The similar ap- 
pearance of acetic acid in the oxidation products of the butter esters must 
therefore be ascribed to the same cause. 

The potassium permanganate-acetone oxidations of the unsaturated 
butter esters from the acid fractions in which the polye^thenoid acids had been 
concentrated as far as possible by the lithium salt separation thus support the 
view that a A^' ^’’-octadecadienoic acid is present therein in some quantity. 

Oxidation of the unsaturated acids of cow butter fat by 
aqueous alkaline potassium permangamUe. 

We have found, in the course of oxidations with aqueous alkaline per- 
manganate carried out according to the modified Hazura procedure described 
in the preceding paper [1935], that the acids from the unsaturated ester 
fractions with which we have been dealing give rise to small quantities of the 
crystalline tetrahydroxystearic acids which correspond with seed fat linoleic 
acid. In common with other workers, we had formerly been unable to isolate 
any of these acids from the alkaline oxidation of butter acids. The quantities 
now obtained are but small and only represent a fraction of the total octa- 
decadienoic acids which we believe to be present ; but they have been detected 
in each case in which the alkaline permanganate oxidation described in the 
preceding paper has been applied either to the acids from the unsaturated Cjg 
ester fra(;tions or to acids obtained from the latter in which the polyethenoid 
members had been concentrated by the lithium salt process. Moreover, study 
of these fractions from butters taken at various seasons over a number of years 
has shown that production of the typical crystalline tetrahydroxystearic acids 
is at a minimum in summer pasture butters and at a maximum at the end of 
the winter season. 

A summary of these experiments is given in Table X. As far as possible, the 
same weight of unsaturated acids was oxidised in each instance, so that the 
weights of tetrahydroxystearic (water-soluble) acids isolated give a direct com- 
parison of the respective yields (except for unavoidable differences in i.v., or 
rather, in the proportions of mono- and di-ethenoid acids, of the original mix- 
ture). For further ifiustration, the final column of relative yield percentages 
has been added: this gives the amount of linoleic acid, correspoiiding to the 
tetrahydroxystearic acids obtained, expressed as a percentage of the total 
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Table X. Crystalline tetrahydroxystearic acids obtained by alkaline permanganate 
oxidation of unsaturated Cjs ester fractions from summer and winter butters. 


Butter 

Early «umraer, May i93l 
„ Juno 1934 

„ June 1934 

Late summer, 8cpt. 1932 
„ Oct. 1930 

Winter feecling, Feb. 1930 
Feb. 1934 
„ Mar. 1934 


IJnsatu- 

Corresponding 

unsaturated 

rated 

C,. 

acids 

ester 

oxidised 

fractions 

^ 

^ 

i.v. 

I.v. 

g* 

96-7 

101*5 

4*8 

950 

99*7 

4*8 

♦ 

114*8 

40 

95*0 

99*7 

4*8 

98-8 

103*7 

4*8 

93« 

98-3 

4*8 

96-3 

lOM 

4-8 

101-2 

106*2 

4*2 


Tetrahydroxystearic acids 
(water-soluble) isolated 


g- 

M.p. 

% yield 
(calcu- 
lated as 
stated 
above) 

0-0702 

140-153^ 

9-3 

0059 

144-15t) 

9-3 

0-080 

145-157 

5*9 

0*060 

143-156 

9-5 

0-073 

142-157 

8-1 

0*076 

139-154 

140 

0-097 

143-157 

13*3 

0-105 

153-164 

ll*3t 


♦ Acids (y (p. 1507) from lithium salt process, 
t Oxidation by Lapworth-Mottram procedure. 


octadecadienoic acid present (the i.v. of the original acid fractions being assumed, 
for this purpose, to be due only to oleic and octadecadienoic acids). 

The water-soluble acids isolated were shown to be mixtures of the two 
characteristic tetrahydroxystearic acids, m.p. 155” and 172”. Thus, the acids, 
M.p. 143-157”, from the winter butter of February 1934 (0 091 g.), when heated 
with ethyl acetate, yielded an insoluble portion (6*027 g., m.p. 170^172°), whilst 
the filtrates gave two successive crops of crystals: 0*033 g., m.p. 154”, and 
0*013 g., M.p. 114-117 . 

Since, as shown by the study of their bromo-addition products (p, 1568), the 
unsaturated acids in Table X include a very small proportion (not more than 
1 %) of acids with more than two ethenoid linkages, the true yield of the two 
crystalline tetrahydroxystearic acids in terms of octadecadienoic acid will be 
slightly greater than shown in the final column, but it is still far below the 
figure of about 40 % of theory given alike by seed fat linoleic acid or the related 
“a’*-linoleic acid (c/. preceding paper, p. 1555). From these figures, ordinary 
linoleic acid cannot form more than about one-fifth of the octadecadienoic acids 
in the summer pasture butters, but in the winter butters it rises to about a third 
of the total octadecadienoic acids. The definitely higher proportions in the 
winter butters are probably significant in relation to the diet of the cows at 
this period, which of course includes roots and a much higher ratio of con- 
centrates (grain) than when the cows are at pasture. 

Smith and Chibnall [1932], in their investigation of the glyceride fatty acids 
of cocksfoot grass, found that the unsaturated acids (i.v. 185*3) did not yield 
the crystalline tetrabromostearic acid, m.p. 114”, although 8*9 g. of oily tetra- 
bromo-derivatives insoluble in cold light petroleum (b.p, 40-60”) resulted from 
10*4 g. of the unsaturated acids. They inferred the presence of a mixture of 
isomeric tetrabromostearic acids. Again, they obtained only 0*45 g. of mixed 
crystalline tetrahydroxystearic acids when 11 g. of the unsaturated acids were 
oxidised with alkaline permanganate according to the Lapworth-Mottram pro- 
cedure, corresponding to an apparent content of only 3*3 % of ordinary linoleic 
acid. Their experiences thus resemble ours with the pasture butter unsaturated 
fatty acids to a remarkable degree, and we consider that the peculiarities of the 

100—2 
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butter octadoeadienoic acids are the consequence of their derivation from grass 
glycerides by direct assimilation. This opinion is reinforced by the recent obser- 
vations of Bosworth [1934] on human milk fat: he obtained fractions of un- 
satiirated acids which yielded without difficulty the tetrabromostearic acid, 
M.p. 113^^, insoluble in light petroleum. The consensus of all these observations 
is clearly that absence of, or diminution in the proportion of, ordinary linoleic 
acid in milk fats is paralleled by the extent to which grass has formed a com- 
ponent of the diet, while the grass glycerides themselves have been found by 
Smith and Chibnall to exhibit similar anomalies as regards the type of octa- 
decadienoic acid present. 

At this point we would make a more general observation with reference to 
the appearance of linoleic or other octadecadienoic acids in the fats of most of 
the land animals, namely, that recent work suggests that these acids are probably 
invariably deprived by assimilation and not by synthesis in the animal from 
non-fatty compounds. The results obtained in the past few years in this labo- 
ratory on various land animals have led to the conclusion that, so far as concerns 
palmitic and oleic acids (and, at least in the herhivora, the approximately con- 
stant stearic- oleic acid balance), these glyceride components can be produced 
by the animal, and in such manner that the palmitic contfuit is closely similar 
(25-30 %) for all animals, whilst the stt^arie and oleic contents vary with the 
animal, or even with the site in which the fat is deposited. On the other hand, 
the following observations accord with the hypothesis tliat in land animal 
glycerides octadecadienoic acids are the result of assimilation: 

(a) Cow and human milk-fats. The relevant data in these cases hav(‘ been 
presented above. 

{b) Pig depot fats. Young pigs (8-10 months old) on fat-free or low-fat diets 
yield body fats with only 1-5 % of combined linoleic acid [Ellis and Zeller, 1930; 
Bhattacharya and Hilditch, 1931]; the eoiTesponding fats of older animals 
(4-8 years) contain as much as 14-15 % of linoleic acid, and this proportion is 
unalt(T('d in fats from different parts of the same animal which differ con- 
siderably in their relative contents of oleic and stearic acids [Banks and Hilditcdi, 
1932: Dean and Hilditch, 1933]. (The linoleic acid of pig fats gives the ordinary 
tests as regards tetrabromo- and tetrahydroxy -stearic acids [Hilditch and 
Stainsby, 1935J). ^ 

Further, young pigs fed on rations high in fatty oils such as those of cotton- 
seed, ground-nut or soya bean yield depot fats with abnormally high contents 
of linoleic acid [Ellis ei al, 1925; 1926; 1931]. 

(c) Hat depot fats. With fat-free diets, the depot fats of rats are devoid of 
linoleic acid, but ingestion of cod-liver oil leads to the appearance of linoleic 
glycerides in the depot fats [Burr and Burr, 1930; Gregory and Drummond, 
1932; Banks 1933]. 

We hope to make a similar examination in the near future of the polyethenoid 
C]g acids present in small quantities in the depot fats of oxen which have been 
reared under knowm dit!tary conditions. 

Summary. 

A further examination has been made of the polyethenoid acids in cow 
butter fat. The acids were prepared by refractionation of the esters of the butter 
“liquid"’ acids, followed by separation of the more soluble lithium salts from 
alcohol; acids with i.v. 113'4-114‘8 were thus obtained and used in the 
experiments described. 
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Addition of bromine to the acids of i.v. n4‘8 led to a mixture of bromo- 
addition products, 1*6 % of the original acids giving products insoluble in cold 
ether or light petroleum, whilst the remaining 98*4 % yielded liquid bromo- 
addition products (Br 40*0 %) soluble in cold light petroleum. It is shown that 
these are unlikely to include any appre(‘iable amount of hexa- or octa-bromo- 
stearic acids ami that, accordingly, the original acids contained about 75% 
oleic, 1*5 % tri- or tetra-ethenoid Cjg acids, and 23*5 % octadeoadienoic 
acid. 

Examination of the acids formed as a result of oxidation of the methyl esters 
of acids of i.v. 113*5 by permanganate in acetone showed that the monobasic 
acids (w-hexanoic or w-heptanoic, n-nonanoic and small (|uantities of acetic) 
resembled, (pialitatively and quantitatively, those obtained by similar treat- 
ment of a fraction of the unsaturated esters from ground-nut oil (of similar i.v.) ; 
while the amount of azelaici acid recovered showed that iinsaturation did not 
corameiKiC before the ninth (iarbon atom from the (carboxyl group. Control 
experiments with pure methyl oleate in acetone, or with acetone alone, failed 
to yield any act'tic acid. These experiments therefore sugg(‘st that the octa- 
decadienoic acids of ground-nut oil and cow butter fat are structurally similar, 
and that the latter is a different geometrical isomeride (or mixture of geometrical 
isom(Tides) of the A’”*'’ *‘ “-o<*tadecadienoic acid of seed fats. 

Oxidation of unsaturated acid fractions from a number of butters by 
means of acpieous alkaline permanganate (cf. preceding paper) led in all cases 
to tlic isolation of small proportions of the same mixture of tetrahydroxystcaric 
acids as that which is thus obtained in a yield of about 40 % from seed fat 
linoleic acid. The amount of these acids obtained from butters from cows on 
winter diet was considerably (cu. 50 %) great-er than that from summer pasture 
butters. 

It is concluded that the kind of o(*tad(^cadienoic acid presemt in butter fat 
depends upon the diet of the cows and, since the bromination and alkaline 
oxidation results in this investigation are closely parallel with those of Smith 
and Chibnall on the glyceride fatty acids of grasses, that the peculiarities of 
butter fat octadecadienoic a<'id are the consequence of assimilation of the same 
acid from the grass glycerides. 

Study of the data now available in the cases of cow and human milk fats 
and of the depot fats of pigs and rats has led us to the general conclusion that 
linoleic acid, when present in the glycerides of land animals, is a product of 
assimilation and not of synthesis by the animal. 
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From the Department of Biochemistry, University of Toronto, Canada, 
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For several years it has been recognised that the yields of oestrogenic material 
which can be obtained from human pregnancy urine by extraction with immiscible 
fat-solvents may be considerably increased by preliminary acidification of the 
urine [Marrian, 1930; 1933; Doisy et al., 1930]. Zondek [1934, 1] did, indeed, 
8tat<? that such preliminary treatment was unneces.sary to ensure complete 
extraction of the hormones, but later [1934, 2] revised his opinions as a result 
of work carried out by Borchardt et al. [1934]. The latter authors were responsible 
for the first systematic* attempt to determine the optimum conditions for the 
liberation of oestrin from its combined state in human pregnancy urine. They 
showed that the amount of hormone that could be extracted by prolonged 
boiling with benzene was greatly increased by acidification of the urine to 
Pyi 3*0, and still further increased by the addition of hydrochloric acid to a 
concentration of 3*0 % . 

The present authors [1934] developed a colorimetric method, based on the 
Kober test [1931] for oestrin, for the separate quantitative estimation of oestrone 
and oestriol in ethereal extracts of human pregnancy urine. This method enabled 
a more complete study of the factors influencing the hydrolysis by acids of the 
‘‘oestrin -esters’’ in urine to be made than would have been possible if only the 
biological test for oestrin had been available. It was shown that when pregnancy 
urine was acidified to pj| 1-2 and then heated at 100°, there occurred a slow 
liberation of ether-soluble oestrin from the combined form, which reached a 
maximum after 16 hours. Heating for longer periods resulted in a decrease in 
the amount of ether-extractable oestrin, indicating that destruction of the 
liberated hormone had occurred. By heating the urine acidified to p^ 1-2 in 
an autoclave at 15 lbs, pressure for 2-4 houi's, a larger amount of ether-soluble 
oestrin was liberated than when the urine was heated at 100°. Autoclaving for 
longer periods destroyed the liberated oestrin. This work clearly showed that, 
as might be expected, the rate of hydrolysis of the “oestrin esters” in urine is 
considerably increased by an increase in temperature, and that destruction of 
the hormone may occur on prolonged heating in an acid aqueous medium. 

Few attempt^ have been made to effect liberation of the combined oestrin 
in urine by means other than that of hydrolysis with acids. Marrian [1933] 
found that keeping the urine until considerable bacterial decomposition had 
occurred was extremely effective as a means of liberating the combined oestrin, 
but that heating to 100° at an alkaline reaction for short periods was ineffective. 
Both these findings were confirmed by Goheh and Marrian [1934]. 

For two reasons it was clearly necessary to conduct a more detailed investi- 
gation of the factors involved in the hydrolysis of the “oestrin esters ” in human 
pregnancy urine* In the first place, estimation of the oestrin content of urine 

( 1677 ) 
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either by direct biological assays on the whole urine ^ or by colorimetric or 
biological assays on ethereal extracts, must necessarily be extremely inaccurate 
unless the conditions for optimum hydrolysis with minimum destruction are 
known. In the second place, data on the stability of the “oestrin esters” to 
mild treatment with acids and alkalis wore required in order to devise methods 
for their isolation in a state of purity. To these ends therefore the effects of 
temperature and (both acid and alkaline) on the rates of hydrolysis of the 
“esters” and on the raters of the destnu^tion of the liberated oestrins have been 
studied in gi’eater detail. ExptTinu'nts have also been conducted to determine 
the nature of the destruction caused by prolonged hydrolysis. 

Hydrolysis of the "'"‘oestrin esters^^ by acid, 

(1) The effect of temperature, A finding of some practical importance has 
been that acid hydrolysis is almost undetectable at temperatures at or near 0°. 
Urines acidified to p^^ 1-0 and stored for several weeks in the ice-box showed 
no appreciable increase in ether-soluble oestrin. The present experiments confirm 
the fact that for rapid and effective acid hydrolysis of the “oestrin esters” 
heating at about 120° in an autoclave is preferable to heating at 100°. 

(2) The effect of acidity. As would bo expected, the rate of hydrolysis of 
the “oestrin esters” is greatly in<a‘eased with an increase in hydrogen ion con- 
centration. Quantitative study of the efftHit of variations in jqj was however 
complicated by the fact that during hydrolysis the of the urine increased 
very considerably owing to the formation of ammonia by the decomposition of 
urea. For instance a urine acddified to 1-0 and then heated at 120° for 
1 hour, may have a final p^ as high as 7. Since the extent of this change in pjj 
depends upon the urea content of the urine, which may be extremely variable, 
it has not been possible to determine the exact initial p^ of the urine necessary 
for optimum hydrolysis. It has been found however that maximum hydrolysis 
results after 2 hours' heating at 120°, when the final pjj of the urine is 1*0. In 
order to attain the conditions necessary to arrive at this final pjj , it is suffieicmt 
for the majority of urine samples to acidify to p^j FO and then to add 3*3 ml. 
of 12 A' HCl per 100 ml. of urine. The concentration of urea may be so high in 
some specimens however that this excess of acid is insufficient to keep the 
final pj^j to 1-0 or less. It is therefore essential to determine the pj^ of the urine 
after hydrolysis, and if necessary to rept^at the hydrolysis with a larger excess 
of acid. It must be emphasised however that the addition of too large an excess 
of acid is to be avoided, sinc^e the rate of destruction of the liberated otistrin is 
greatly increased with increased acidity (see fallowing section). 

(3) Destruction of the oestrins by heating in acid solution. Destruction of 
liberated oestrone and oestriol in urine by prolonged heating in acid solution 
was found to be considerably increased by an increase in temperatun^. A urine 
completely hydrolysed with respect to its “oestrin estt^rs” was found to suffer 
little loss in liberated oestrin when stored in the ice-box at py^ 1*0 for several 
days. At 1(X)° the rate of destruction was significantly more rapid. In one case 
35 % of tht* total o(^strin was destroyed by heating at pjj 1*0 for 20 hours longer 
than was necessary for complete hydrolysis of the esters. The rate of destruction 
was still further increased by heating at 120°. 

In an early experiment it had been noticed that destruction of oestrin in a 
sample of acidified urine heated at 120° was greater when the autoclave was 
^ Prelittiiaary experiments have shown that the combined forms of oestrone and oestriol in 
urine are much less active than the free forms in inducing vaginal corniheation iti' ovariectomised 
mice. 
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opened at intervals during the hydrolysis than when the hydrolysis was allowed 
to proceed uninterruptedly for the same total time. This suggested that the 
oxygen absorbed by the urine from the air might be a factor in the destruction 
of the oestrin. Experiments were therefore conducted to test this possibility. 
It was foimd that the rate of destruction of oestrin during hydrolysis could be 
greatly increased by shaking the urine with air at intervals and still further 
increased by periodic saturation with oxygen. Thus it seems extremely probable 
that the destruction of oestrone and oestriol which occurs in prolonged heating 
of acidified urines is oxidative in character. It should be pointed out that 
destruction of oestriol in acid solution has invariabl;^^ been found to l>e more 
rapid than destruction of oestrone under the same conditions. The possibility 
remained that this destruction might be caused through the agenej^ of some 
constituent of the urine rather than by direct oxidation of oestrone and oestriol. 
It was shown however that marked destruction of ]>ure oestrone and oestriol 
resulted when they were heat(‘d in aqueous acid solution. In this case destruction 
of oestriol was again observed to be more rapid than that of oestrone. 

The practical significance of these findings is considerable. In order to carry 
out an (\stimation of the oestrin content of urine with any degree of accuracy, 
the conditions for acid hydrolysis must be such that maximum hydrolysis of 
the ‘‘esters'* and minimum destruction of the liberated f)estrin results. Actually 
it is difficult to obtain comph^te hydrolysis of the ‘‘esters** without some 
destruction of the free o<'strin even when precautions against access of oxygen 
to tlu' urine are observed. Jt has been found however that if the urines are 
heat<‘d to 120 foi* 2 hours after prop<‘r acidification (see previous section) the 
h 3 ^drolysis of the “(\sters” is complete as far as can be determined, whilst the 
d(*struction is not sufficiently great to introduce a serious error into the estimation. 


Hydrohjms of the oestrin esters'^' by alkali. 

As has been pit'viously mentioned, earlier work showed that heating alkaline 
urine to lOO"" for short [>eriods was ineffective in causing h.vdrolj^sis of the com- 
bined forms of the oestrins. In the present work it has been shown that under 
more vigorous conditions slow hydrolysis of the “esters" does occur. After 
h(*ating at lOt)' for 8 houns a urine sample containing NaOH at N concentration, 
a slight but |K^rceptible degree of hydrol^’sis of the “esters" occurred. When 
au(^h alkaline urines were heated at 120^ in an autoclave the hydrolysis w^as 
considerably^ more rapid. During the first few hours a fairly^ rapid hydrolysis 
of both oestrone and oestriol “esters” was observed, so that at the end of 
4 hours of heating approximately half of the total oestriol was liberated, while 
the proportion of oestrone “ester*' hydrolysed under these conditions varied 
considerably with different urine samples, being complete in some cases and 
only about half complete in others. The oestrone and oestriol “esters’* remaining 
imhydrolysed after 4 hours were found to be remarkably resistant to further 
hydroly^sis even after the addition of more alkali. This curious state of affairs 
could not be explained on the grounds that the apparently unhydroly^sed esters 
were destroyed, since by subsequent acid hydroly’^sis the remaining oestrone and 
oestriol were nearly quantitatively recovered. A passible explanation seemed 
to be that there were present in the urine two differeiit types of a^strin esters, 
one of which wa-s readily hydrolysed by alkali while the other was alkali-stable. 
This explanation would have been acceptable iS it had not been for the fact 
that on more than one occasion it was observed that when a second sample of 
the urine was worked up some time after the fimt, there was a significant 
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difference in the relative proportions of the alkali-labile and alkali-stable forms. 
At present no explanation of this curious phenomenon can be given. 

After heating alkaline urines at 120° for periods longer than were necessary 
to give optimum hydrolysis of the ‘‘esters’’ it was observed that there was a 
slow decrease in the amounts of ether-extractable oestrone and oestriol. Experi- 
ments carried out by heating solutions of pure oestrone and oestriol in N NaOH 
showed that destruction of the hormones occurred. It may be noted that the 
oestrin destroyed in this way cannot be recovered by subsequent acid hydrolysis, 
so that this phenomenon of slow destruction by heating with alkali is entirely 
distinct from the phenomenon of the incomplete hydrolysis of the “esters” by 
alkali referred to above. It was also shown that this alkaline destruction, like 
that caused by acids, is oxidative in nature. 


Experimental. 

(1) The effect of temperature on the rate of hydrolysis of 
^'oestrin eMers'" in human pregnancy urine, 

300 ml. samples of urine wore adjusted to the desired pj^ by addition of 
12xV HCl. The samples to be hydrolysed at 6° were placed in the ice-box; those 
to be hydrolysed at 100° and 120’’ were heated in a boiling water-bath and in 
an autoclave under 15 lbs. pressure respectively. The oestrone and oestriol in 
the hydrolysed urines were extracted, separated and estimated colorimetrically 
in the manner previously described fCohen and Marrian, 1034]. Di^terminations 
of the amounts of free ether-soluble oestrone and oestriol were made in both 
batches of urine. The results are shown in Table I. 


Table I. 


Hydrolytic treatment 


Urine 


Temp. 

Time 

batch 

Ph 

°C. 

hours 

P.U. 11 

30 

6 

336 


1-0 

6 

336 


10 

120 

4 

P.U. 8 

10 

100 

4 


1-0 

120 

4 


mg. oestrin per 100 ml. urine 

' ■" ' ' ' '' 

Before hydrolysis After hydrolysis 


Oestriol 

Oestrone 

Oestriol 

Oestrone 

0005 

0(H)7 

0*008 

0003 

0005 

0 007 

0*008 

0-002 

0005 

0007 

0-642 

0-083 

0085 

0019 

0-760 

0-100 

0-085 

0019 

* 1-000 

0*126 


Table II. 


Urine 

batch 

initial 

P.U. 11 

3-0 


1-0 

I.P.U. 6 B 

1-0 


1-0 

+ 10 ml. HCl 

P.U. 12 

1-0 


1-0 

+ 3 ml. HCl 


1-0 

+ 5 ml. HCl 


1-0 

+ 10 ml. HCl 


1-0 

+20 ml. HCl 


mg. oestrin liberated 
per 100 ml. urine 


Final 

Oestriol 

Oestrone 

6-0 

0-008 

0*006 

4-5 

0-220 

0-045 

4-0 

0-400 

0-060 

<1*0 

1-420 

0-100 

4-6 

0*163 

0-030 

1-0 

0*290 

0-045 

<1-0 

0-420 

0-060 

<1-0 

0-550 

0-070 

<1-0 

0-600 

0-080 
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(2) The effect of acidity on the rate of hydrolysis of 
''oestrin esters^\ 

300 ml. samples of urine were acidified to 1*0 (in one case to pjg- 3-0) by 
the addition of 12 N HCl. To certain of these samples different excesses of 12 N 
acid were added. All the samples were then heated for 1 hour in the autoclave 
at 120'^. The final of the hydrolysed urine was measured and the liberated 
oestrone and oestriol were determined as usual. In each case control estimations 
on unheated acidified urines were carried out in order to determine the amounts 
of ether-soluble oestrone and oestriol initially present. The results are shown 
in Table II. 


(3) The effect of acidity on the rate of destruction of oestrin liberated by 
hydrolys^is from the combined form in pregnancy urine. 

1200 ml. of urine (batch P.U. 12) were adjusted to pjj 1*0 and then divided 
into four 3(M) ml. samples. To three of these 5, 10 and 20 ml. excess of 12 N HCl 
were added respectively. All four samples were then autoclaved at 120° for 
4 hours. The samples were removed from the autoclave after 1 and 2 hours 
for readjustment of the p^ to 1*0; this readjustment was necessary only for 
the sample to which no excess of acid had been added. The oestrone and oestriol 
in each sample were then estimated in the usual manner. The results are shown 
in Table III. It will be seen that the sample heated for 4 hours at an approxi- 
mately constant p^j of 1*0 gave nearly the same oestrone and oestriol values 
as were obtained by heating the urine for 1 hour with a larger excess of acid 
(see Table II). The 4 hours' heating with a large excess of acid caused con- 
siderable destruction of the oestrin, the amount of destruction being greater in 
the more strongly acidified samples. 


Table III. 

mg. oestrin per JlOO ml. urine 
ml. 12 xV HOI after 4 hours' heating 


added to 300 ml. , ^ ^ 

urine at 1*0 Oestriol Oestrone 

0 0-625 0*090 

5 0*583 0*087 

10 0*608 0*082 

20 0*416 0*072 


destruction 

A 


Oestriol 

0 

70 

20*0 

34*0 


Oestrone 

0 

3*3 

9*0 

20*0 


(4) The effect of oxygen on the rate of destruction of oestrin 
in urine by acid. 

Three 300 ml. samples of urine (batch P.U. 13) were strongly acidified by the 
addition of 10 ml. of 12 N HCl after adjusting to p^ 1*0. One sample was heated 
continuously in the autoclave at 120® for 4 hours. A second sample was heated 
to 120° for four separate periods of 1 hour, being shaken thoroughly with air 
before each period. A third sample was also heated for four separate periods 
of 1 hour, but before each period it was thoroughly saturated with oxygen. 
Ether-soluble oestrone and oestriol were estimated in each after the hydrolyses. 
As a' control, a fourth sample of urine was hydrolysed under conditions which 
give majornum liberation of free oestrin. A similar experiment was conducted 
on another batdb of urine (P.U. 14) after a greater degree of acidification. The 
results are shown in Table IV. 



1582 


S. L. COHEN AND G. F. MARRIAN 


Table IV. 



ml. 12 N 
HCl added 
to 300 ml. 


mg. oestrin per 
ICO ml. urine after 
hydrolysis 

o 

-0 

loss 

Urine 

urine at 

Hydrolytic treatment 

^ — . 

■ ” ^ 



A ^ 

batch 

1-0 

at 120° 

Oestriol 

Oestrone 

Oestriol 

Oestrone 

P.U. 13 

♦12 

2 hours contiiiiiously 

0-650 

0-082 


--- 


10 

4 hours continuously 

0-675 

0-083 

0 

0 


10 

4 periods of 1 hour, shaking 
with air 

0-600 

0-080 

n-0 

4-0 


10 

4 periods of 1 hour, satura- 
tion with oxygen 

0-550 

0-078 

190 

6-0 

P.U. 14 

♦10 

2 hours continuously 

1-000 

0-090 

— 

— * 


20 

4 hours continuously 

0-865 

0-090 

13-5 

0 


20 

4 periods of 1 hour, shaking 
with air 

0-042 

0-085 

35-8 

5-6 


20 

4 periods of 1 hour, satura- 
tion with oxygen 

0-517 

0-008 

48-3 

24-4 


* Control experiments upon which the % losses in the last two columns are calculated. 


(5) The destruction of pure oestrone and oestriol by heating in acid solution. 

Aqueous solutions containing known amounts of oestrone and oestriol were 
prepared by the addition to water of small volumes of strong alcoholic solutions 
of the two compounds. The oestrone and oestriol in one such solution of 200 ml. 
were estimated directly without any further treatment. The losses due to the 
extractions were within the range of experimental error of the method of assay. 
To each of five other 200 ml. volumes of such solutions were added 20 ml. of 
12 HCl. Two of these solutions were then heated at 120'’ in the autoclave for 
3 hours continuously, three were autoclaved for thrw periods of 1 hour each, 
one being shaken with air b€»fore each porio<l, while the remaining two were 
saturated with oxygen before each period of autoclaving. The oestrone and 
oestriol in each were then determined as usual. The results are shown in Table Y. 


mg. oefttrin initially 


Table V. 


present in aqueous mg. oestrin 

solution ml. 12i\r recovered % loss 

/ ^ ^ HCl Hydrolyt ic treatment , ^ ^ 

Oestriol Oestrone added at 120° Oestriol Oestrone Oestriol Oestrone 

1000 0100 0 None 0-870 0-106 UO 0 

0-808 0-132 20-0 3 hours continuously O-olO 0-120 37-0 9 

0-808 0-132 20-0 3 periods of 1 hour, 0-390 0 110 lj2 0 17-0 

shaking with air 

0-808 0-132 20-0 3 periods of 1 hour, satu- 0-210 0-065 74-0 5(H) 

ration with oxygen 

— 0-2(')0 20-0 3 hours continuously — 0-157 — 17-2 

— 0-2(K) 20-0 3 periods of 1 hour, satu- — 0-083 — 58-5 

ration with oxygen 


(6) The effect of temperature on the rate^ of hydrolysis by 
alkali of ''oeMrin esters 

To 300 ml. samples of pregnancy urine were added 35 ml. of 40 % NaOH. 
The samples were then heated at 100° or 120° for the required periods. After 
acidification to litmus, the mixtures were extracted and the oestroi^e and oestriol 
liberated by the hydrolysis determined as usual. Control samples of each batch 
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of urine so treated were acid-liydrolysed under optimum conditions in order to 
determine the total amounts of oestrone and oestriol present. The results are 
shown in Table VI. 

Table VI. 

Heating nig. UlKiratcd per Total oestrin present 

conditions UK) ml. urine by in combined form % hydrolysis 

^ A ^ alkaline hydrolysis per 100 ml. urine by alkali 

Urine Temp, Time f ’ ^ , ^ , ^ ^ ^ 

batch hours Oestriol Oestrone Oestriol Oestrone Oestriol Oestrone 


P.U. 7 

1(H) 

8 

0086 

0013 

0-677 

0-058 

12-7 

22-4 


UK) 

j2 

0022 

0(K)3 

0-677 

0058 

3-2 

5-2 

r.u. 12 

120 

2 

0110 

0047 

0-610 

0090 

18-0 

52-2 


(7) The effect of concentration of alkali on the rate of 
hydrolysis of '"oestrin esters''. 

To each of four 200 ml. samples of pregnancy urine (P.U. 16) were added 
10, 25, 50 and 100 ml. n‘speetirely of 40 % NaOH. The samples were autoclaved 
in nickel criicible.s^ at 120"^ for 11 hours, acidified to litmus with HCl and assayed 
for oestrone and oestriol as usual. The maximum amounts of oestrone and 
0 (\strlol obtainable by acid hydrolysis under optimum conditions were deter- 
minted in a s<*parate sam])le of the same urine. From the.se figures the percentage 
hydrolysis of the “csUt” by alkali in each experiment was determined. It will 
be sctcn from th<‘ results shown in Table V^ll that increasing the amount of 
alkali from 10 to 50 ml. per sample caused increasod hydrolysis of the esters. 
FurtlKT increase in the alkali concentration however did not increase the hydro- 
lysis. Jt will be furtlier seen that the maximum hydrolysis obtainable by alkali 
is consid«?rably less than the maximum hydrolysis obtained by acid. 


Table VII. 


ml. 40 mg, total oestrin 

NaOH JOUml. determined by 

added to acid hydrolv.sis 

200 ml. -- 

of urine Oestriol Oestrone 


mg. oe.strin jkt 100 ml. 
liberated by alkaline 
hydrolysis 

Oestriol Oestrone 


''o hydrolysis 
l>y NaOH 

Oc'striol Oestrone 


10 

1-06 

0-170 

0-140 

0-015 

131 

8-8 

25 



0-440 

0-087 

41-5 

51-2 

50 



0 538 

0-097 

50-8 

57-0 

100 

9 


0-538 

0-067 

50-8 

39-4 


(8) Tfie inability of alkali to effect complete hydrolysis 
of oestrin esters" . 

To each of three 150 ml. samples of urine (P.U. 17) were added 50 ml. of 
40 % NaOH. The samples were then autoclaved at 120'' for 4, 8 and 13 hours 
respectively. After acidification with HCl, the liberated oestrin was extracteil 
and estimated as usual. The acidified urines after extraction were adjusted to 
Pjj 1*0 and further autoclaved for 2 hours in order to hydrolyse the esters which 
were unattacked by the alkali. An acid hydrolysis of the original urine was 
also carried out in order to determine the total oestriol and oestrone present. 
It will be seen from Table VIII that the total amounts of oestrin liberated by 
alkaline hydrolysis and subsequent acid hydrolysis are identical within the limits 
of experimental error in each case with the amount of total oestrin as determined 
in the original urine by acid hydrolysis. 

^ Nickel oruciblea were preferable for these alkaline hydrolyses owing to the fact that the 
strong alkali in the urines rapidly attacked glass. 
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Table VIII. 

mg. total oestrm mg. oeatrin liberated 

determined by acid Period mg. oestrin liberated by subsequent acid 

hydrolysis of alkaline by alkali (A) hydrolysis (B) (A)+(B) 

^ ^ hydrolysis , s / ^ ^ ^ < ; — 


Oestriol 

Oestrone 

hours 

Oestriol 

Oestrone 

Oestriol 

Oestrone 

Oestriol 

Oestrone 

M7 

0060 

4 

0*43 

0029 

0*60 

0-064 

1-03 

0-093 



8 

0-.55 

0035 

0*47 

0 058 

1*02 

0-093 



13 

0*59 

0*035 

0*45 

0-056 

1-04 

0-091 


In order to confirm the fact that complete hydrolysis of “oestrin esters” 
cannot be attained by alkali, a 200 ml. sample of P.U. 16 which had been 
previously hydrolysed for 11 hours with alkali (see Table VII) and from which 
the liberated oestrin had been removed by ether extraction, was re-hydrolysed 
for 4 hours after the addition of 25 ml. of 40 % NaOH. This treatment liberated 
only 0*029 mg. of oestriol and 0-004 mg. of oestrone. Subsequent acid hydrolysis 
liberated 0-28 mg. of oestriol and 0*03 mg. of oestrone. * 

(9) The destruction of pure oestrone and oestriol by heating with 
alkali in presence of oxygen. 

Two solutions containing 1 mg. of oestriol in 100 ml. of water were prepared. 
To each were added 30 ml. of 40 % NaOH. One sample was autoclaved at 120® 
for an uninterrupted 3-hour period. The other was saturated with oxygen and 
autoclaved for three periods of one hour, the solution being resaturated with 
oxygen at each interval. Two solutions containing 0-2 mg. of oestrone in 100 ml. 
of water were similarly treated. After hydrolysis the samples were acidified, 
and the oestrin was extracted and estimated as usual. 



Table IX. 

Hydrolytic treatment 

mg. 

estimat/Od 

after 

heating 

0 

'^n 

destruction 

1-0 rag. oestriol 

3 hours continuously 

0*51 

49-0 


3 periods of 1 hour, saturation with oxygen 

0*06 

99*4 

0*2 mg. oestrone 

3 hours continuously 

0-114 

42*0 

ft «» 

3 periods of 1 hour, saturation with oxygen 

0-010 

95-0 


SOMMABY, 

1. A study has been made of the factors which influence the rate of hydro- 
lysis of the ether-insoluble oestrone and oestriol “esters” present in human 
pregnancy urine. 

2. When urine is adjusted to p^ 1*0, the hydrolysis is negligible at 6®. 
When the final p^ of the urine is about I-O, hydrolysis is complete in about 
16 hours at 100® and in 2 hours at 200®. Owing to utilisation of the acid by the 
hydrolysis of urea, the initial p^ of the urine must be below 1*0. The rate of 
hydrolysis of the “esters” is increased by further increasing the acidity of the 
urine. 

3. Destruction of both oestrone and oestriol occurs when they are heated 
in acid solution in the presence of oxygen. The rate of destruction is increased 
by increasing the acid concentration and by frequent introduction of oxygen. 
The rate of such destruction of oestrone is less than that of oestriol. 

4. In order to make possible the accurate assay of oestrone and oestriol in 
pregnancy urine it is necessary to hydrolyse the urine under conditions which 
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combine maximum hydrolysis of the esters with mitiimum destruction of the 
liberated oestrone and oestriol. These conditions are generally fulfilled when 
the urine is adjusted to Pn I’O, further acidified by the addition of 3*3 ml. of 
12N HCl per 100 ml. of urine and autoclaved at 120° for 2 hours, The final 
of the urine must however be determined in every case and if it is found to 
be greater than 1-0, the hydrolysis must be repeated with a larger excess of acid. 

5. Hydrolysis of about 50 % of the oestriol “ester” in pregnancy urine can 
be efifected by heating the urine made 2N with NaOH to 120° for 6-8 hours. 
In some, but not in all urines this treatment hydj'olyses all the oestrone “ester”. 
Further hydrolj'sis in the presence of higher concentrations of alkali or for 
longer periods is mofFective in breaking down the alkali-resistant “ester” frac- 
tion. These alkali-resistant “esters” can be subsequently completely hydrolysed 
by acid. The significance of the incomplete hydrolysis of the “esters” by alkali 
is not yet understood. 

6. Prolonged heating in alkaline solution in the presence of oxygon results 
in destruction of both oestrone and oestriol. 

The authors wish to express their thanks to Dr Melville Watson of the 
Department of Obstetrics and Gynaecology for his willing co-operation in procur- 
ing samples of pregnancy urine. 
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Markian and Haslewood [1932], while endeavouring to isolate oestrone from a 
mare's urine extract supplied by Schering-Kahlbaum, A. (1., isolated a new non- 
oestrogenic, optically active compound of the formula Cj 5 Hi 4 () 5 :,. It was found 
that two of the oxygen atoms were present as hydroxyl groups and since the 
third oxygen atom failed to show reactivity, even as a carbonyl group, it was 
suggested that it was present in a cyclic ether linkage. Subsequent efforts to 
obtain further quantities of material for a more detailed chemical examination 
from extracts from other sources were unsuccessful. The prc'sent authors were 
therefore confronted with the problem of obtaining large amounts of equol and 
of discovering an explanation for its irregular appearance in mare’s urine 
extracts. 

During the summer of 1934 application of the somewhat lengthy isolation 
process used by Marrian and Haslewood gave regular yields equol from tlu* 
toluene extracts of pregnant mare’s urine. Subsequent!}^ the isolation was con- 
siderably simplified by the discovery that equol could be dire(‘tly crwstalliscMl by 
chloroform from the unpurified ether-soluble phenolic fraction of the toluene 
extract. Using this simplified process equol was also isolated in appreciable 
amounts from the mine of stallions and non-{)regnant marcvS. Therefore its 
excretion is quitch unspecific for pregnancy, and since large amounts were found 
in tlie urine of non -pregnant mares, there secerns to hv, no reason to associate its 
presence in urine with the presence of large amounts of the oestrogenic hormomvs. 
During the autumn the amounts of equol isolated from urine extracts stt*adily 
dc(Teased and in th(^ winter months it was not possible to isolate it at all. So far 
as (jan be determined, no dietary factor was the cause of this variation and at 
present it is impossible to say whether this apparent seasonal fluctuation is 
fortuitous or not. 

Preliminary experiments (unpublished) by Marrian and Haslewood showed 
that equol dimethyl ether was remarkably msistant to oxidation by alkaline 
permanganate whereas equol was readily attacked by potash fusion yielding 
resorcinol. The latter method of decomposition was therefore resorted to by the 
present authors in obtaining evidence on the structure of the compound. In 
the first instance a mild potash fusion of equol yielded )3-rcsorcylic acid 
(2 : 4-dihydroxybenzoic acid), revsorcinol and a phenol (isolated as 

its benzoate and subsequently hydrolysc'd). Since /S-resorcylic acid is readily 
decarboxylated by potash fusion it is probable that resorcinol was formed in- 
directly from the former. The benzoate of the C^g phenol was found, on analysis, 
to contain 3 benzoyl groups, showing that the fusion had introduced a thiixl 
hydroxyl group into the molecule. Methylation of the phenol with diazomethane 
yielded a dimethyl ether which gave a strongly positive Millon reaction indicating 
a free phenolic group. 

Since it is well known that a phenolic hydroxyl group in the o-position to a 
side chain will not methylates with diazomethane, it seems probable that one 

{ 1686 ) 
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hydroxyl must occupy such a i^osition. Further, the fact that equol on treatment 
with diazomethane yields the same dimethyl ether as with dimethyl sulphate 
indicates that it is the hydroxyl group introduced by the potash fusion which 
occupies the o-position to a side-chain. 

Potash fusion of compounds in which an oxygen atom is linked directly to 
two aromatic rings yields products containing two new phenolic hydroxyl 
groups. Thus xanthone yields 2 : 2-dihydroxy benzophenone [Richter, 1883]; 
diphenylene oxide yields 2:2'-dihy<iroxydipheny] [Kraemer and Weissgerber, 
1901]; thyronine yields quinol and p-hydroxybenzoic acid [Harington, 1926]. 
On the other hand potash fusion of 1 : 2 : 3 : 4-tetrahydrodiphenyleno oxide yields 
2-hydroxydiphenyl [Honigsehrnid, 1901], whilst decomposition of S-phenyl- 
coumarane with alcoholic potash at 200° yields a!X-( 2 -hydroxy phenyl) phenyl- 
ethylene [Stoerrner and Kippe, 1903]. It therefore seemed probable that the new 
hydroxyl group introduced was formed by the opening of an oxygen linkage 
between an aromatic ring and an aliphatic carbon atom. 

On the basis of this the partial formula (1) could be constructed for equol, and 
since the residue (Cyll^oO) must contain an aromatic ring carrying the second 
phenolic hydroxyl group, the formula could be extended to (II). 



VI 


A second potash fusion under more vigorous conditions was then carried out 
in order to ascertain if possible the nature of the second aromatic ring. The 
following products were isolated : resorcinol, jp-hydroxybonzoic acid and p-ethyl- 
phenol. The two latter compounds were clearly formed from the second aromatic 
ring of equol. Since the latter contains only fifteen carbon atoms and since the 
partial formula (II) accounts for eight of them, it follows that the ethyl group of 
the p-ethylphenol must represent two carbon atoms of the aliphatic part of the 
molecule joining the two aromatic rings. Either carbon atom (a) or (6) of 
formula (II) must therefore be the jS-carbon atom of the p-ethylphenol. In the 
Bioohem. 1935 xxix 101 
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first case, formula (III) or (IV), in the second case formula (V) or (VI) must 
represent oquoL Of these possibilities (VI) can almost certainly be excluded 
since it does not account for the formation of jS-resoroylic acid and p-ethylphenol 
by potash fusion. Equol must therefore be 7-hydroxy-2-(4'-hydrox3rphenyl)- 
chromane (III), 7-hydroxy-3-(4'-hydroxyphenyl)chromane (V), or 6-hydroxy-2- 
(4'-hydroxybenzyl)coumarane (IV) . 

ExPBRIMBNTAIi. 

Mild potash fusion of equol. 

2 g. of equol were intimately mixed with 20 g. of finely powdered KOH and 
heated in a silver crucible to 210-240° for 30 minutes, .^ter cooling, the melt 
was dissolved in water, the resulting solution saturated with carbon dioxide and 
extracted with ether. The ethereal solution after drying over calcium chloride 
was evaporated to diyness and the residue was distilled at 100°/0*02 mm. for 
several days. The sublimate consisted of 0*16 g. of a white crystalline substance 
(A) and 0*49 g. of a colourless ‘‘glass” (B). 

(A) gave a positive fluorescein test and a slate*purple colour with aqueous 
ferric chloride. After one crystallisation from benzene it melted at 108-109°. 
Mixed with an authentic specimen of resorcinol (m.p. 110-111°), the m.p. was 
109-111°. On nitration in the cold with a mixture of sulphuric and nitric acids, 
and recrystallisation of the product fi‘om dilute alcohol nitroresorcinol, m.p. 
176-177° (not depressed by admixture with an authentic sample) was obtained. 

Since (B) could not be crystallised it was benzoylated by the Schotten- 
Baumann method. The product after repeated crystallisations from ethyl 
alcohol melted at 133-134°. 

(Found: C, 77*49, 77*21, 77*36; H, 5*60, 5*79, 5*78 %. Ci 6 Hii(O.CO.C 6 H 5)3 
requkes C, 77*95; H, 4*73%. Ci 5 Hi 3 (O.CO.CeH ^)3 requires C, 77*67; H, 
5*07 %.) 

0*1225 g. of the benzoate was heated to boiling with 10 ml. of 10 % alcoholic 
KOH. The mixture was then evaporated to dryness under a stream of carbon 
dioxide, and the dry residue extracted with ether. The ethereal solution was 
evaporated and the residue distilled at 140-150°/0*02 mm. for 5 hours. The 
sublimate was a clear, hard, slightly yellow glass and weighed 40*9 mg. After long 
standing the regenerated phenol (B) crystallised and melted at 136-137° with 
preliminary sintering at 130°. 

(Found: C, 74*26, 74*14; H, 6*26, 6*61 %. CigHiA requires C, 74*35; H, 
5*83 %.) 

33*3 mg. of the phenol (B) were methylated with diazomethane in di*y ether. 
The product was purified by sublimation at 100-110°/0*03 mm. After long 
standing the sublimate crystallised and melted at 66*5-69° with preliminary 
sintering at 60°. The methylated product gave a strongly positive Millon reaction. 

(Found: C, 75*50, 75*37; H, 7*25, 7*23 %; CH3O, 22*74, 22*50 %. Mol. wt. 
249, 250, 273. requires C, 75*52; H, 6*72; CHgO, 22*97 %. 

Mol. wt. 270.) 

The aqueous phase from the solution saturated with carbon dioxide, from 
which the phenols had been extracted, was acidified with hydrochloric acid and 
extracted with ether. The ethereal solution after drying over calcium chloride 
was evaporated to dryness and the residue was distilled at 110^^/0*02 mm. for 
20 hours. 0*048 g. of a white crystalline sublimate was obtained. This material 
was purified by washing with cold benzene, reorystallisation .fi*om water and 
finally resubliming at 1 10°/0*02 mm. It melted with decomposition and evolution 
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of gas at 198®, and gave an intense purple colour with ferric chloride in aqueous 
solution. Mixed with an authentic specimen of ^-resorcylic acid (m.p. 196®, 
evolution of gas) which had been purified by crystallisation from water and 
sublimation in vacuo, it melted at 196® with evolution of gas. The identification 
of the product as jS-resoroylic acid was therefore considered to be complete. 

Drastic ‘potash fusion of eqiu>L 

1-76 g. of equol were heated at 300-320® for 80 minutes with 15 g. of KOH. 
The reaction product was worked up in the same manner as in the first fusion. 

The phenolic fraction on distillation at 90-100®/()-04 mm. yielded 0*447 g. 
of resorcinol and a nearly colourless oil which on standing crystallised. The 
latter substance (C) melted at about 40 ' and boiled at 207®. With ferric chloride 
in aqueous solution it gave a blue colour. It had a faint cresol-like smell, and 
on benzoylation yielded a benzoate which after two ciystallisations from 
aqueous alcohol melted at 5H-61® (unchanged when mixed with an authentic 
specimen of p-ethylphenyl benzoate). (C) was therefore p-ethylphenol. 

The acidic fraction on sublimation at 140-150 /0-04 mm. yielded a white 
crystalline substance ( D) which after two crystallisations from hot water melted 
at 208-211®. Mixed with authentic p- hydroxy benzoic acid (m.p. 211-213®), the 
M.P. was 20i)-213®. 

On acet^dation with acetic anh^^dride (D) yielded an acetate which after 
crystallisation from aqueous alcohol melted at 186-190®. Mixed with an 
authentic specimen of p-ac€4oxyl>enzoic acid (m.p. 187-189®), the m.p. was 
184-189®. The identification of (1)) as p-hydroxy benzoic acid was therefore 
considered to be complete. 

Summary. 

1. Equol may be isolated directly from the ether-soluble phenolic fraction of 
toluene extracts of the urine of pregnant and non-pregnant mares and of stallions, 
by crystallisation from chloroform. Its presence in such extracts is irregular. 
;No explanation for this irregularity can be advanced. 

2. From the products of the fusion of equol with potassium hydroxide, the 
following substances have been isolated: a trihydroxyphenol, C15H14O3 or 

resorcinol, j8-resoreylic acid, p-ethylphenol, and p-hydroxybenzoic 

acid. 

3. On the basis of these decomposition products equol is considered to be 7- 
hydroxy-2-(4'-hydroxyphenyl)chromane, 7-hydroxy-3-(4'-hydroxyphenyl)chro- 
mane, or 6-hydroxy-2-(4'-hydroxybenzyl)coumarane. 

The authors wish to express their gratitude to the Connaught Laboratories 
for supplying the urine extracts used in this work and for a personal grant to one 
of them (D.B.). They are also indebted to Miss H. Stantial for many of the micro- 
analyses. 
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CXCI. THE ANALYSIS OF CARBOHYDRATES 
OF THE CELL WALL OF PLANTS. 

I. THE RELATION BETWEEN URONIC ANHYDRIDE 
CONTENT AND FURFURALDEHYDE YIELD. 

By FREDERICK WALTER NORRIS and CARL EMIL RESCH. 

From the Department of Industrial Fermentation, University of Birmingham, 

{Received May 15th, 1935.) 

This communication has been plamied as the first of several dealing with 
problems in the analysis of the carbohydrate constituents of the cell wall of 
plants, with special reference to pectin and the hemicelluloses. Such substances 
yield on hydrolysis hexoses, pentoses and uronic acids, and the most important 
reaction employed in tlioir proximate analysis involves distillation with 12 % 
hydrochloric acid, whereby hexose fractions yield a small quantity of hydroxy- 
methylfurfuraldehyde, pentose and methylpentose fractions yield furfuraldehyde 
and methylfurfuraldehyde, and similarly the uronic acid fraction yields furfur- 
aldehyde, but in addition undergoes decarboxylation with production of carbon 
dioxide. The products utilised in this publication are pure uronic acids, or uronic 
acid derivatives, and the analyt/ical complications due to the prosenc;e of hexoses 
and methyl j)en loses do not arise. 

In order, then, to determine the amount of the separate constituents present 
in any particular cell wall substance, it is necessary to determine, on distillation 
with 12 % hydrochloric acid : 

(i) The total carbon dioxide produced. 

(ii) The total furfuraldehyde produced. 

(iii) The total methylfurfuralde*hyde produced (if methylpentoses are 
present). 

In order to calculate the final analysis certain data must be accurately 
known : 

(i) The normal percentage yield of carbon dioxide from the uronic acid. 

(ii) The normal percentage yield of furfuraldehyde from the uronic acid. 

(iii) The normal percentage yield of furfuraldehyde from the pentose. 

(iv) The normal percentage yield of methylfurfuraldehyde from the methyl- 
pentose. 

(v) The effect of each or all of the above-mentioned constituents, and of 
hexoses, if pre^sent, on the normal perc€mtage yields enumerated. 

The relation between uronic acid content and carbon dioxide yield would 
appear to be the only factor which is known with absolute accuracy. Fortunately 
the yield of carbon dioxide appears to be theoretical, although it may be men- 
tioned that in dealing with pure uronic acids the evaluation by carbon dioxide 
determination is usually very slightly lower than that obtained by direct titra- 
tion. However, the method is not an empirical one and the difficulties have 
been entirely experimental. It is now safe to say that the carbon dioxide pro- 
duced on distillation with 12 % hydrochloric acid can be accmrately estimated 
and the uronic acid content calculated directly. 

( 1690 ) 
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The literature dealing with the production of furfuraldehyde from pentoses 
and pentosans is extremely voluminous and it is unnecessary to discuss the 
history of the adaptation of the method to quantitative estimation. It is suffi- 
cient to say that the use of phloroglucinol as a precipitant for the distilled 
furfuraldehyde is still probably the most satisfactory way of estimating the 
latter and that the publications of Tollens and his co-workers, particularly 
Krober [1901], comprise the most complete accounts of the method. In the 
present communication the methods laid down by these workers have been 
followed with very little modification, and Krober’s tables have been used for 
purposes of calculation. 

Tlie primary object in publishing this communication is to draw the attention 
of chemists working in this field to a fatal misconception of the yield of 
furfuraldehyde from uronic acids which has arisen in recent yc^ars. This appears 
to be due to the acceptance of statements made by Nanji, Paton and Ling 
[1925], w'^ho themselves appear to have misread earlier publications by Lefevre 
and Tollens [1907], Thus, the former state that the yield of furfuraldehyde from 
uronic acid is 31 % of the theoretical and that gal act uronic anhydride units 
yield Khfifi % of their weight of furfuraldehyde. It is wellnigh impossible to 
recjoncile these statements with a correct interpretation of the results of Lefevre 
and Tollens, who employed glycuronic lactone and derivatives of glyeuronic 
acid, such as euxanthic acid, as reference substances and clearly demonstrated 
that tlie weight of furfuraldehyde phloroglucide produced corresponded to one- 
third of the weight of glycuroui<^ anhydride jireseut. A recalculation of their 
results, involving merely the* substitution of the weight of furfuraldehyde for 
that of the precipitate by means of KndxT's tables, showed that as an average 
of elev<*n determinations on four diflFerent products, the furfuraldehyde yield 
W7is 18*73 % of the w^eight of glycuronic anhydride, or that glycuronic anhydride 
was given by furfuraldehyde x 5*34. The data of i^efevre and Tollens therefore 
showed that the yield of furfuraldehyde from glycuronic anhydride was 34*34 % 
of theory. 

Incidental referencjes to the subject by Ehrlich and Schubert [1929] in wdiich 
experimental results of the fmfuraldehyde yield from gala ct uronic acid are 
given, coupled with our ow'u present findings, fully confirm that the original 
factors of Lefevre and Tollens are more coiTe<d than those of Nanji et al. [1925]. 

Experimektal. 

Determination of uronic acids by decarboxylation. 

The most satisfactory method for this determination is that employed by Dickson et al. [1930], 
The decomposition of the material is effected by means of 12 % hydrociiloric acid containtMi in 
a flask fitted with a reflux condenser, to which is attached a trap and a small Biichner flask 
carrying a Truog tower. The reaction flask is also connected on the other side to a train of wash- 
bottles, towers and U-tubes containing 50 % caustic potash solution, soda-lime, calcium chloride 
eft?., in order that the stream of air which is drawn through the entire apparatus may be free 
from carl>on dioxide. On heating the reaction mixture to 140-145°, the evolved carbon dioxide 
is drawn through a known volume of standard barium hydroxide contained in the Truog tower. 
When decomposition is complete, the carbon dioxide produced is estimated by back-titration 
with standard acid, using phenolphthalein as indicator. 

Certain precautions have been found necessary if satisfactoiy yields of carbon dioxide are to 
be obtained. Prior to the initiation of the decarboxylation it is essential to ensure that all carbon 
dioxide has been swept out of the apparatus by means of the current of carbon dioxide-free air. 
Carbon dioxide is frequently adsor)^ by the calcium chloride used to somb the air before it 
passes into the reaction flask. With regard to the Truog tower, a definite technique must be 
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adopted in adding the standard barium hydroxide, and we have found it desirable to fit a 30 ml. 
cylindrical dropping funnel to the top of the tower. This in turn is fitted with a sodadime tube 
and a second glass tube bearing a small piece of xwessure-tubing and a screw oHp. The funnel is 
previously filled with carbon dioxide-free air, and standard barium hydroxide is added from an 
automatic pipette whereby contamination with carbon dioxide is entirely obviated. At the 
commencement of the actual dccarbox 3 dation, the baryta is allowed to run slowly down the 
tower, and it is advisable always to ensure that some of the baryta falls into the flask which 
carries the tower. Whilst the baryta is slowly flowing into the tower, the temperature of the 
glycerol-bath which carries the reaction flask is slowly raised, the current of air being regulated 
as necessazy. The temperature of the glycerol* bath must be maintained at 140-145“. We have 
found that the minimum time required for completion of the reaction is 5 hours, but a longer 
period is frequently necessary. 

From time to time blank determinations have been carried out in order to keep a satisfactory 
check on the apparatus, but always the correction has proved negligible. On actual trial with 
pure uronic acids the apparatus has given results which differ from the theoretical only by the 
same negligible margin. 

The following reference substances were used for the purpose of the present 
papei* : 

(1) Gahcturonic acid monohydrate, CgHjo 07 ,H 20 . This product was pre 
pored by synthesis from galactose and the only impurity present in the three 
samples A, B and C was water. Further drying was not attempted owing to 
possible decomposition of the samples and the actual content of galacturonic 
acid was determined by estimation of carbon dioxide on decomposition with 
12 % hydrochloric acid or by direct titration using phenolphthalein. The 
theoretical yield of carbon dioxide from galacturonic acid monohydrate is 
20-70 %, 

(2) Pectolic acid. This product was employed since it is an example of a 
polygalaeturonio acid. It was prepared by Ehrlich and Schubert [1929j and 
Ehrlich and Guttmarm [1933] by partial hydrolysis of pectin with 5 % hydro- 
chloric acid, and their methods were followed closely by us. Ehrlich called the 
product Pektolsaure which we have translated as pectolic acid, and according 
to him its constitution may be represented by a four-membered ring consisting 
solely of galacturonic anhydride units, together with one molecule of water. 
Its empirical formula is thus C 24 H 32 O 24 , HgO. The theoretical yield of carbon 
dioxide from a substance of this formula is 24-39 %, equivalent to 107-54 % 
galacturonic acid. 

(3) Euxanthic acid. The theoretical yield of carbon dioxide from euxanthic 
acid is 10*43 % , equivalent to 45-7 % glycuronic acid. 

The analysis of these reference substances is shown in Table I. 



Carbon 

Table I. 

Anhydride 

Acid, C,H 
/ ^ 

10^7 % 

Found 

(titration) 

Purity 

Sample 

dioxide 
% found 

QHgO* % 
calc. 

Calc, 

(based on 
COg det.) 

Galacturonic acid A 

19-75 

79*00 

87*08 

87*60 

93*13 

Galacturonic acid B 

20-67 

82*68 

91*14 

91*54 

99*56 

Galacturonic acid C 

20-11 

80*44 

88-67 

88*67 

96*87 

Pectolic acid 

23-64 

94*56 

104*23 


97*01 

Euxantbio acid 

10*43 

41*72 

46-70 

— 

100*00 


The amount of galacturoiiic acid C available was small; the figures quoted 
for this sample are calculated from the results of direct titration only. 
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Determination of furfuraldehyde, 

A definite weight of material and 100 ml. of 12 % hydrochloric acid are placed in a flask of 
500 ml, capacity connected by a rubber bung to a Liebig’s condenser which carries an adaptor 
for collecting the distillate in a conical flask. The apparatus is set up in duplicate and the reaction 
flasks are placed side by side in a bath of glycerol, each flask being immersed in the glycerol 
exactly to the depth of the 100 ml. acid within. The temperature of the bath is raised to 170° 
and this temperature is closcdy adhered to throughout the distillation, which proceeds at the 
same rate in eaesh flask. As soon as the acid reaches boiling point, (50 ml. of acid arc added, and 
a similar quantity at 20-minute intervals until six additions have V>ccn made. The distillation 
should be complete in 2 hours and the furfuraldehyde is then precipitated as phloroglucide, by 
the method suggested by Browne 11912], ll g. of phloroglueinol an- dissolved in 3(X) ml. of 
boiling 12 % hydrochloric acid and added to a further 1200 ml. of acid. The solution is allowed 
to stand for at least a week and is then ready for use after filtration. The phloroglueinol used 
should be pure and, parth'ularly, free from diresorcino! ; in this resjiect it was found that AnalaR 
phloroglueinol was preferable. 

40 ml. of this Altered solution are added to the distillate, which should then occupy 400 ml., 
any slight deficiency being made up with 12 % acid. The mixture is allowed to stand overnight 
and is then filtered through a weighed .Jena siiiterf'd glass crucible (grade 1 G.4), washed with 
100 ml. of distilled water, dried at UK>^ for 3 hours and again weighed. 

Table ]1. The yield of furfuraldehyde from uronic compounds. 

Yield of furfuraldehyde 

Eqmv. to , ‘ ^ 


Wt. taken 

Cronie 

anliydride 

I'rornc 

acid 

Wt. of 
phloro- 
glueide 

Wt. of 
furfur- 
ahlohydc 

Based on 

Anhydride Acid 

As per« 
centage of 

«• 

V* 

g. 

fr* 

g-‘ 

o 

0 

0^ 

o 

theory 

0-2()17 

0-1593 

0-1750 

Galacturonic acid A. 

0*0080 0*0383 


21-81 

44-07 

0-2048 

0*1018 

0-1783 

00(>57 

0-0308 

22-75 

20-(>4 

41-70 

0-2o(H 

0-2010 

0-2233 

0*0858 

0-0473 

23,3.> 

2M8 

42-80 

0-2752 

0*2174 

0-2390 

0-0934 

0-0512 

23-.70 

21-37 

43-19 

0-29ol 

0*2331 

0-2570 

0-0978 

0-0535 

22-95 

20-82 

42-07 

0-3089 

0-2440 

0-2090 

0-1016 

0-0555 

22-74 

20-03 

41*68 

0-2219 

0-1835 

0-2022 

Oalaeturonic acid B. 

0-0789 0-0437 

23-80 

21-59 

43-03 

0-2771 

0*2291 

0*2525 

0-0900 

00525 

22-92 

20-79 

42*01 

0-1320 

0*1007 

0*1170 

Gaiactiuonic acid C. 
0-0426 0-0248 

23-25 

21-09 

42-02 

01803 

0*1450 

0*1599 

0*0013 

0-0340 

23-82 

21-61 

43*06 

0-1531 

0-1488 

0*1590 

PectoHc acid. 

0-0623 0-0352 

24-27 

22-02 

44-49 

0-1002 

0*1572 

0*1732 

0-0683 

0-0382 

24-27 

22-03 

44-49 

0*1828 

0*1729 

0*1906 

0-0748 

0-0415 

24-00 

21*78 

43-99 

0*1804 

0*1703 

0*1943 

0-0760 

O-fHlO 

23*59 

21*40 

43-24 

0*2300 

0*2237 

0*2400 

0-0944 

0*0517 

23-10 

20-97 

42-34 

0*2407 

0*2270 

0*2509 

0-0988 

0*0540 

23-72 

21*52 

43-48 

0-393« 

0*1043 

0*1811 

Eoxanthic acid. 
0-0652 0-0366 

22-21 

20*15 

40-71 

0*4017 

0*1070 

0*1848 

0-0628 

0-0363 

21*05 

19*10 

38-58 

0*4049 

0*1090 

0*1863 

0*0678 

0-0379 

22*42 

20*34 

4M0 ’ 

0*4071 

0*1699 

0*1873 

0*0667 

0-0374 

21*98 

19-94 

40-29 


0*1730 

0*1907 

0*0689 

0-0386 

22*22 

20-10 

40-73 


0*1837 

0*2026 

0*0080 



18-77 

37-92 


0*1843 


0-0692 

0*0386 

20*95 


38-40 


0*1860 


0*0077 




37*17 
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In this manner the yield of fnrfnraldehyde from each of the reference sub- 
stances previously described was deb^rmined. In order to avoid any complica- 
tions, tlie dry weight of the precipitated phloroglucide was taken and read as 
furfuraldehyde by means of Krober^s tables. For reasons wliich will be discussed 
in a later paper, the practice of washing the phloroglucide with hot alcohol 
adopted in many laboratories appears to be a somewhat questionable procedtire, 
and the use of Krober's tables for the alcohol-washed precipitate undoubtedly 
introduces errors. In the present instanc^e, the weight of the jw’ecipitate after 
alcohol treatment was determined but is not recorded. 

Table IJ shows the results of the furfuraldehyde determinations in full and 
yields of furfuraldehyde are shown as percentages of the uronic anliydride and 
of uronic acid present in the sample and compared with the theoretical. 

In Table III the ratios of uronic acid and anhydride to phloroglucide and 
furfuraldehyde produced are shown, calculated from the averages of the results 
recorded in the first two tables. 


Table III. Average ratios of uronic compounds to phloroglucide 
and furfuraldehyde produced. 

Ratio of uronic anhydride to Ratio of uronic a(*id to 


Substance 

Phloroglucide 

Furfuraldehyde 

Phloroglucide 

Fiirfuraldeliyde 

(a alact uronic acid A 

2-38 

4*30 

202 

4-75 

Galacturomo acid B 


4-29 

2«0 

4*72 

Galaotiironic acid 0 

2-43 

4-25 


4*(i9 

Pectolic acid 

2-33 

4*20 

2-.5(i 

403 

Euxanthic acid 

2(31 

4*09 

2-88 

5' 14 


DlSOUSSIf)K, 

The determination of uronic acids by decarboxylation has already been dis- 
cussed and calls for no further comment. The results of the determinations of 
furfuraldehyde as shown in Table II raise several interesting points w^hich rec^uire 
comment. Grouping the thr<H^ samples of galacturonic acid together, and con- 
sidering, for example, the yield of furfuraldehyde as a percentage of the uronitr 
anhydride present, the average value is 23*38 % and the mean error of the 
determination is approximately 2 %. This value, in the case of pectolic acid, is 
23*83 %, with a similar mean error of experiment. There is no significant 
difference between the yields of furfuraldehyde from galacturonic acid as such 
and from the acid in molecular combination, as in pcctolic acid. Examination 
of the figures for cuxanthic acid reveals a significant difference from the figures 
suggeste^d above; in this case the average yield of furfuraldehyde from th(' 
glycuronic anhydride present is 21*48 %, with a mean exj)erimental error of 
3*8 % . The higher experim<*ntal error in this case is probably due to the presence 
of a preponderating amount of other organic material — euxan thono — in euxanthic 
acid, and this also may be responsible for the definitely lower yield of furfur- 
aldehyde, compared with that from galacturonic compounds. From the available 
results, however, it must be concluded that glycuronic acid in organic combina- 
tion yields a definitely smaller quantity of furfuraldehyde than does galacturonic 
acid similarly. 

It has been indicated previously and we feel it advisable again to emphasise 
that the furfuraldehyde yields have been based solely on the application of 
ICrober*s tables to the weight of furfuraldehyde phloroglucide obtained. The in- 
fluence on the final result of such determinations, of variations in apparatus, 
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technique of distillation and after-treatment of the precipitate is now hewing 
studied. The results of this study which should shortly be available may 
necessitate a slight modification in the figures of Table IV which indicate the 


Table IV. 

Galacturonk* acid Glycuronic acid 


Yield of furfuraldehyde: 

Present 

finding 

% 

Nanji, Paton 
and Ling 

O' 

/o 

Present 

finding 

o 

/O 

A 

Lefevre and 
Tollens 

O' 

/() 

Based on uronic anhydride 

23-50 


21-48 

18-90 

Based on uronic acid 

21-33 

15-11 

19-30 

17-21 

As percentage of theoretical 

43- 10 

30-54 

39-37 

34-70 

Ratio of uronic anhydride to : 

Phloroglucide 

2-36 

.3-32 

2-01 

2-93 

Furfuraldehj^de 

4-2B 

0-(K) 

4-00 

5-28 

Ratio of uronic acid to : 

l^hloroglucide 

2-60 

3-00 

2-88 

3-23 

Furfuraldehyde 

4-09 

001 

5-14 

5-83 


final averages of all the results of the previous tables, and are compared with 
the correspo!iding valiuvs applied by Nanji, Paton and Ling to galacturonic 
acid and those found by Lefevre and Tollens in their study of euxanthie acid. 

It will be seen that the proposed yields and factors differ considerably from 
those of Nanji, Paton and Ling and from those of Lefenc and Tollens. On the 
other liand, th(\y agree V(‘ry closely with the recent findings of Ehrlich, referred to 
prt'vioualy. Ehrlich and co-workers suggest that the ratio of galacturonic acid 
to phloroglucide is 2-04 : 1, which agrees, well within the limits of experimental 
error, with our average ratio of 2*6() : 1 . 

Our higher yields of furfuraldchyde in comparison with those of Lefevre and 
Tollens would seem to indicate that under our conditions of distillation there is 
less destruction of furfuraldchyde, or furfuraldehyde -yielding substance. We 
have, in fact, accumulated some evidence that this is the case when dealmg 
with pure pentoses and for this reason we have found Krober’s tables inap- 
plicable to such sugars. This will be more fully discussed in the succeeding 
paper, since the present issue remains unaffected, UkS we have merely used 
Krober’s tables to deduce weight of furfuraldehyde from that of the phloro- 
glucide. 

The values given by Nanji, Paton and Ling are, of course, not experimental, 
but arose by some misconception of the work of Lefe\Te and Tollens. The former 
values are quoted, however, in order to indicate how far their uncritical accep- 
tance has led many workers astray. The wcll-knomi six-membercd ring formula 
for pectic acid proposed by Nanji, Paton and Ling and widely accepted in this 
country and to some extent elsewhere, was deduced by calculation from the 
erroneous factors. In view of the considerable difference between these and the 
more correct factors, it is unlikely that the ring formula is now tenable and 
revision is called for. The erroneous factors have since been employed in studies 
on pectin, hemioellulose, gums, mucilages, decomposition of straws, etc., and in 
many oases results will require recalculation, and considerable revision of the 
original deductions may be necessary. 

Some of the subjects mentioned above are already imdergoing experimental 
revision in these labotatories; thus pectin and pectic acid are being re-examined 
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in the light of the more correct factors, and it is proposed to extend the obser- 
vations to calcium pectate and its significance in the analysis of pectic sub- 
stances. 

In our view then, many of the experimental results in this particular field 
will require close scrutiny and the correction to be applied involves more than 
the mere substitution of the more correct furftiraldehyde/uronic acid factors. 
The temptation to follow this simple procedure was strong but was resisted 
since other factors are concerned. It is essential that we should know accurately 
the influence on the fnrfuraldehyde yield of pentoses and uronic acids, of hexoses 
and other organic substances likely to be present in cell wall makTial. This 
question has been studied to some extent and is dealt with in a recent paper 
by Peter el al. ( 1933] in which it is shown that hexoses have a marked influence 
on fnrfuraldehyde yield. Until we have many more data on the yield of furfur- 
aldehyde from mixtures of the type commonly met with, it is idle to attempt 
recalculation. Further it should be stressed that the use of Krober’s tables, 
except for correlation of phloroghicide and furfuraldehydc, is quite unjustified, 
as the tables were constructed for pure xylose and arabinoae, and not for 
mixtures containing only a proportion of these sugars. 

It is hoped that the work now proce^eding will provide at least some of the 
missing data and that the analysis of pectin and similar carbohydrates may be 
placed on a firmer basis. 

SUMMABY. 

1. The furfuraldehyde due to pentose mat(*rial in cell wall substances may 
be determined by deduction from the total furfuraldehyde yield of that due to 
uronic acids. 

2. The yields of furfuraldehyde phloroghicide and of furfuraldehyde from 
galacturonic, polygalacturonic and euxanthic acid are given, together with 
appropriate factors for calculation. 
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CXCII. GUANIDINE AND THE PARATHYROID 

GLANDS. 


By JOHN ADAMSON SAUNDERS. 

From the Department of Physiology a'nd. Biochemistry, University of 
Durham College of Medicine, Newcastle-upon-Tyne, 

(Iteccived May 16th, 1935,) 

Paton [1916] propounded the theory that parathyroid tetan}^ was due to the 
accumulation of guanidine in the body on the grounds (1) that the symptoms 
of tetany could be product^d by the injection of guanidine salts and (2) that 
there was an increased amount of guanidine in the blood stream and in the 
urine during tc^tany. Within a few years the theory fell into disfavour chiefly 
because of criticisms of the chemical methods used [Greenwald, 1919; White, 
1927]. 

The present experiments were carried out to find whether guanidine is present 
in increased amounts in the blood of dogs in tetany following parathjToidectomy, 
the method of isolation being one against which such criticisms could not be 
levelled [Saunders, 1932J. 

Experimental. 

( 1 ) Blood, from pa rathyroidectom ised ani mils , 

Four dogs and three cats were bled directly from the carotid artery while in 
tetany following parathyroidectomy. The blood so procured was extracted for 
guanidine, but no guanidine was obtained. 

Because of the very small amounts of guanidine originally found by Burns 
and Sharpe [1916] and the lack of delicacy of the method used, these negative 
results could not be regarded as conclusive. 

An attempt was therefore made to find if guanidine is removed from the 
blood stream of a normal dog at a greater rate than from the blood of a dog in 
parathyroid tt^tany. 

(2) Blood from parathyroidectomised animals injected with guanidine. 

Five dogs, all in tetany after parathyroidectomy, were intravenou.sly in- 
jected with guanidine solutions so as to give a concentration of guanidine base of 
90 mg. per 100 ml. blood, tliis dose bcung the same as that used for the normal 
dogs previously reported [Saunders, 1934]. Each animal was bled as completely 
as possible at a certain time after the injection, and the blood so obtained ex- 
tracted for guanidine. The amounts of guanidine recovered were 2*6, 4-1 and 
4-5 mg. per 100 ml. blood when the animals were bled 7 min. after the injection, 
and a trace and 1*7 mg. per 100 ml. blood from two animals bled after lo rain. 
With normal animals bled 3-7 min. after injection l’8-4»6 mg. per 100 ml. blood 
were recovered, a trace after 10 and 14 min., and none after 15 min. 

The amounts found are thus substantially the same as those for normal 
animals. If after parathyroidectomy the mechanism for destruction of guanidine 
has been removed [Paton, 1924], then after the injection of a relatively large dose 
of guanidine it should be possible to isolate much more of the guanidine injected. 

{ 1597 ) 
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If on the other hand parathyroidectomy has resulted in guanidine being pro- 
duced at an increased rate [Paton, 1924] such that even with the normally 
efficient mechanism for its removal [Saunders, 1934] guanidine is present in the 
blood strciam at a concentration of 1-2 mg. per 100 ml. [Burns and Sharpe, 1916], 
then the injection of a relatively large dose of guanidine should again result in a 
lai'ge increase in blood guanidine for some time after the injection. 

The present experiments show that after the injection of amounts of guani- 
dine which should give 90 mg. per 100 ml. blood, there is no appreciable difference 
between the amounts found in the blood stream of normal dogs and the amounts 
found in the blood stream of dogs in tetany following parathjToidectomy. It is 
therefore improbable that the parathyroid glands regulate the production or 
destruction of guanidine. 

The effects of the injection of guanidine on the blood pressure and heart rate 
after parathjToidectomy were slight and variable, differing from those of injec- 
tion into normal dogs. The amounts of blood obtained on bleeding from the 
carotid artery were 32-35 ml. per kg. in three cases and 53 ml. per kg. in two 
cases, these being similar to the values from normal dogs. 

The methods and experimental details are identical with those given in thi^ 
previous paper [1934]. The picrates were recrystallised from water and identified 
by microscopical appearance, m.p., base-N and picric acid conient. The figures 
were (1) m.p. 32V; (2) base-N 15-0 %, picric acid 79*2 %, m.p. 322"; (3) base-N 
14*3 %, picric acid 80*1 %; (5) m.p. 326". Guanidine picrate has m.p. 317-323", 
base-N 14*8 %, picric acid 79*5 %. 

SUMMAKY. 

1. No guanidine could be isolated from the blood of animals in tetany after 
parathyroidectomy. 

2. Injected guanidine is removed as quickly from the blood stream of dogs in 
tetany as from the blood stream of normal dogs. 

3. The evidence produced indicates that it is improbable that parathyroid 
glands regulate either the production or destruction of guanidine. 

I am grateful to the Medical Research Council out of whose grant to Prof. 
Burns the expenses of this work have been defrayed. 

My thanks are due to Prof. Burns and to Mr Seeker who performed the 
thyro-parathvToidectomios, and to Prof. Burns for his continued interest and 
criticism. 
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CXCIII. STUDIES IN THE BIOCHEMISTRY 
OF MICRO-ORGANISMS. 

XLVI. t-ERYTHRITOL, A METABOLIC PRODUCT OF 
PENICILLIUM BREVI-COMP ACTUM DIERCKX 
AND P. CYCLOPIUM WESTLING. 

By albert EDWARD OXFORD and HAROLD RAISTRICK 

Frorn the Division of Biochemistry, London School of Hygiene and 
Tropical Medicine, University of London, 

(Received May 28th, 1935.) 

Of the many crystalline sugar alcohols occurring naturally in the plant king- 
dom, only mannitol has hitheilo been isolated as a metabolic product of the 
lower fungi when growm on synthetic media. This alcohol is a tissue constituent 
of many, if not most, mould species and is sometimf^s present in large amounts in 
the metabolism solution if glucose or certain other simple sugars are supplied as 
the source of carbon. Sorbitol has only once, and dulcitol has never been 
isolated from the tissues of the higher fungi, but the tetrahydric alcohol i- 
erythritol (CHgOH.CHOH.CHOH .CHgOH) is of frequent occurrence in algae 
and lichens, and has also bt'.cn isolated, together with mamiitol [Zellner, 1910], 
from the spores of the corn smut Ustilago maydis, a micro-fungus parasitic on 
maize, Zea Mays, It might therefore be expected to occur among the metabolic 
products of moulds grown on synthetic media. The present paper describes the 
isolation of i-erytiiritol, in small yield, from the mycelia of tw^o diflerent, and not 
1 ‘losely related species of Penicillium, viz., P, brcvi-covfi pactum Dierekx and P. 
cyclopium Westling, both grow n on synthetic media. 

Since i-erythritol is very soluble in (;old water (more soluble even than 
mamiitol) it is reasonable to exjK'ct that when th(5 mycelium contains a little 
i-erythritol, the metabolism solution may contain very much more, and in view 
of the diflBculty of isolating i-er>lhritol from a dilute solution containing both 
glucose and mannitol, we carmot, at present, give any estimate of the maximum 
yield of this alcohol when the most suitable mould species is grown mider 
optimum conditions. With each of the species named above, z-erythritol was 
found in the mycelium only when the metabolism solution still contamed a 
considerable amount of unutilised glucose. The metabolism solution of F. 
cyclopium, grown on a glucose 4- tartrate medium, did however contain both 
maimitol and i-erythritol (the latter in very small amount) when all the glucose 
had been utilised and when the mycthum appeared to contain no i-erytliritol at 
all. We have also shown, in the case of P, cyclopium at least, that i-erythritol is 
definitely a product of metabolism of glucose and that the presence of tartaric 
acid in the medium is not essential for its formation. 

Experimental. 

Isolation of i-erythritol from the mycelium ofP, brevi-compactum Dierekx. 

This experiment was a continuation of the work reported in Part XXXIV 
[Oxford and Kaistriok, 1933] when a strain of P. brevi-compactum (L.S.H.T.M. 
Catalogue No. M 3 (1)) was giown on Raulin-Thom medium of the following 
composition: glucose, 76 g.; tartaric acid, 4g.; ammonium tartrate, 4g.; 

( 1699 ) 
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diammonium hydrogen phosphate, 0*6 g. ; K^COg , 0-6 g. ; MgCOg , 0*4 g. ; 
(NH4)2S04, 0-25 g.; ZnS04, THgO, 0*07 g.; FeS04,7H20, 0*07 g.; water to 
1600 ml. 105 one-litre flasks, each containing 350 ml. of the above medium, were 
sterilised, sown and incubated at 24®, and 26 flasks were worked up after 8 days’ 
incubation when about 50 % of the glucose had been metabolised. The resulting 
mycelium was dried (66 g.), powdered and extracted in a Soxhlet apparatus, 
first with light petroleum (b.p. 50-60°) for 2 days to remove fats and sterols and 
then with ether for 2 working days to remove mycophenolic acid. The extraction 
was then continued for 3 further working days with fresh ether, and at the end of 
this time it was found that some colourless material (0*2 g.) had separated from 
the extract, consisting of a number of visibly crystalline aggregates, mixed with a 
little amorphous material. The crystalline aggregates, separated by hand, had 
M.p. 90-100°, raised by crystallisation from alcohol -ether and then from alcohol 
alone to 116-120°, not changed by a further crystallisation from alcohol, from 
which the material separated in well-formed tetragonal crystals. It was readily 
soluble in water to give a neutral solution which gave no coloration with FeClg , 
and the Molisch and Millon reactions both gave negative results. The substance 
was obviously a polj^hydrio alcohol, but its m.p. was depressed by admixture with 
mannitol (m.p. 165°) or with sorbitol (m.p. 110°). A mixed m.p. with an authentic 
specimen of f-er\^iihritol (m.p. 116-120°) showed no depression and the identity of 
the product with ?-erythritol was confirmed by elementary analvsis. (Found 
(Schoeller) : C, 39-50, 39-50; H, 8-20, 8-14%. C4Hio04 requires C, 39-31 ; H,8-25%.i) 

It is evident that the statement in the literature that i-erythritol is quite 
insoluble in ether is incorrect. We find that 1 litre of boiling ethe-r dissolves 25 mg. 
of the alcohol. " 

A similar procedure carried out on the mycelium of P. brevi^cornpactum 
(M 3 (1)), produced on the same medium after 11, 15, 22 and 56 days’ incubation, 
yielded no i-erythritol in any case. Unfortunately the respective metabolism 
solutions, after having been worked up for phenolic substances, had been dis- 
carded long before the new' product had been identified as i-erythritol. 

A considerable amount of mycelium of another strain of P. brevi-ampactum 
(L.S.H.T.M. Catalogue No. P. 75), grown on the same medium until all or nearty 
all of the glucose had been metabolised, was similarly worked up, but no trace 
of i-erythritol was found. This mycelium did, however, contain mannitol, a fact 
previously noted by Alsberg and Black [1913] in their biochemical study of 
another strain of P. brevi-conipactum freshly isolated from mouldy Italian maize. 

Isolation of i-erythritol from the mycelium of P. cyclopium Westling, 

Thom [1930] places this organism among the ‘‘ Fasciculata ” group of PeniciU 
Hum species. Morphologically it is not related to the “ brovi-compactum ” group. 

In our first experiments on the metabolism of P. cyclopium, the results of 
which will form the subject of a later communication, 45 flasks, each containing 
350ml. of Raulin-Thom medium (for composition see p. 1599), were sterilised, sown 
with a spore suspension of P. cyclojnum (purchased from Baam, August 1931, 
L.S.H.T .M. Catalogue No. P. 123), and incubated for 16 days at 24°, at the end of 
w^hich time the metabolism solution contained only 1 % of glucose. The mycelium 
was separatod, dried and powdered (214 g.). It was first defatted by extraction 
for 2 working days with light petroleum (b.p. 60-60°) in a Soxhlet apparatus, 
then extracted with ether for about 14 working days until no more colourless 

^ Tbe analyst also reported that the substance contained about 20 % alkoxyl aft determined by 
the 2SeiseI method. Erythritol, reduced by HI, yields secbutyl iodide, b.f. which would be 
partly distilled over under the oonditions of the estimation. 
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Bolid separated from the extract. This product was purified by crystallisation 
from alcohol, after which it was treated with water (10 ml.) and a little insoluble 
amorphous material removed by filtration. The aqueous filtrate was evaporated 
to dryness in a vacuum desiccator over solid KOH, to yield fine, large crystals of 
i-erythritol (1*5 g.), m.p. 116-120®, not depressed by admixture with authentic 
i-erythritol, m.p. 116-120®. The crystals so obtained were recrystallised from hot 
dioxan, as coarse needles, m.p. 116-120®. (Found on this specimen (Schoeller): 
C, 39*76; H, 8*34 %. C4H,o04 requires C, 39*31; H, 8*25 %.) 

0*2877 g. in 11*0 g, H^O depressed the r.p. by 0*422°; hence mol. wt., 115. 
C4H10O4 requires mol. wt., 122. A 3 % aqueous solution of the substance was 
optically quite inactive. 

Acetyl derivative, A solution of the mould product, m.p. 116-120® (0*1 g.) in 
an excess of acetic anhydride containing a few drops of pyridine was boiled for 
a minute, kept overnight at 34® and then evaporated to dryness in a vacuum 
desiccator over solid KOH. The product, crystallised from light petroleum 
(B.p. 80-100®), formed small prisms, m.p. 83-85° alone or mixed with authentic 
tc^tra-acetyl-i-erythritoJ, m.p. 83-85®, similarly prepared. (Found, on acetyl 
derivative of mould product (Schoeller): C, 50*01, 49*89; H, 6*24, 6*08 %. 
CY^HjgOg requires (^, 49*64; H, 6*25 %.) 

A little t-crythritol and some mannitol we^re also isolated from the metabolism 
solution of F. cyclopiurn when grown on Raulin-Thom medium at 24® for 24 
days, at which time all the glucose had been metabolised. 

Production of uerythrilol by P. cyelopium on a> medium containing 
glucose as sole source of carbon. 

In the experiments so far described in this paper, the medium used has always 
contained tartaric acid in addition to glucose, it was obviously of interest to 
determine whether the 4-carbon alcohol f-erythritol is to be regarded as a meta- 
bolic product of the 4-carbon acid, tartaric acid, or whether it may be regarded 
as a metabolic product of glucose. To this end ten one-litre conical flasks, each 
containing 350 ml. of Czapek-Dox medium of the following composition : 
glucose, 50 g.; NaNOg, 2g.: KH2PO4, 1 g.; MgSO^, 0*5 g.; KCl, 0*5 g.; 

Fe804,7 H20, 0*01 g.; water to 1000 ml., were sterilisetl, sown with a spore 
suspension of F, cyelopium, and incubated at 24° for 39 days, i.e., until all the 
glucose had been metabolised. The dried mycelium (32 g.) when exhaustively 
extracted with ether (after first defatting with light petroleum) yielded a little 
colourless material, part of which was soluble in water, the aqueous solution 
yielding 0*14 g. of almost pure i-erythritol, m.p. 110-118°, raised by crystallisa- 
tion from alcohol-ether t<^ 116-120®, alone or mixed witli authentic i-erjdhritol. 

Summary. 

i-Erythritol has betm isolated in small yield from the metabolism of glucose by 
PeniciUium brevi-compactum Dierckx and Penicillium cyelopium Westling. It 
occurs both in the mycelium and in the metabolism solution. It is present in the 
mycelium in tlie largest amounts in the earlier stages of growth. 
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The cysteine-containing peptide isolated from yeast and detected in various 
animal tissues by Hopkins [1921], which was named by him glutathione, was first 
regarded as a dipeptide of glutamic acid and cysteine ; evidence in favour of the 
view that it was y-glutamylcysteine was apparently provided by the work of 
Quastel et al, [1923] and of Stewart and Tumiicliffe [1925]. The possibility that 
this hypothesis was incorrect was fii’st indicated by the investigations of Hunto 
and Eagles [1927] who obtain(*d preparations of glutathione from yeast, blood 
and liver which undoubtedly contained another arnino-acid in addition to 
glutamic acid and cysteine. 

A reinvestigation of the problem by Hopkins [1930] led to the discovery of an 
elegant method for the separation of the peptide from biological extracts in the 
form of its cuprous mercaptid(^ ; in this way it was possible to obtain the material 
in the crystalline condition and it then became apparent that glutathione was in 
fact a tripeptide containing glutamic acid, cysteine and glycine. Thc‘ same* con- 
clusion was reached almost simultaneously by Kendall, McKenzie and Mason 
[1930] who employed a different method for the preparation of the crystalline 
peptide from yeast. 

The results of electrometric titration of crystalline glutathione led Puie and 
Pinhey [1930] to the conclusion that the peptide was either y-glutamylcysteyl- 
glycine or y-glutamylglycylcysteine. The suggestion advanced by Kendall, 
McKenzie and Mason ( 1930] that the glycine and cysteine residues were attached 
through their amino-groups respectively to the a- and y-carboxyl groups of the 
glutamic acid was rendered most improbable by the observation of Hopkins 
[1930] that prolonged boiling of an aqueous solution of glutathione resultc'.d in the 
formation of glutamic acid (or a-pyrrolidonecarboxylic acid) and glycylcysteine 
anhydride. 

it had been shown earlier by Quastel et al, [1923], working with impure 
preparations of glutathione, that oxidation of the peptide with hyclrogen peroxide 
led to a product which on acid hydrolysis yielded succinic acid; this observation 
was confirmed by Kendall, Mason and McKenzie [1930, 2] for the crystalline 
peptide and these workers also showed [1930, 1] that oxidation of glutathione 
with hypobromite or chloramine T led to no scission of peptide linkages but yielded 
products from which succinic acid could be isolated after acid hydrolysis. 

These observations were consistent only with the supposition that the 
glutamic acid in glutathione was linked through its y-carboxyl gi^oup, the 
a-aminocarboxylic grouping being free and therefore exposed to attack by 
oxidising agents of the type employed. The possibilities for the structure of 
glutathione were thus reduced to the two suggested by Pirie and Pinhey [1930]. 

Evidence as to the relative positions occupied by the cysteine and glycine 
residues in the molecule of glutathione is available from several sources, 
(a) Scission of the molecule with water can be effected at 62® [Kendall, Mason and 

( 1602 ) 
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McKenzie, 1930, 2] and under these conditions the residue of cysteine and glycine 
is liberated as a dipj^ptide and not as an anhydride ; condensation of the dipeptide 
with 2:3:4-trinitrotoluene yields a product from which free glycine can be 
separated by hydrolysis, indicating that th(‘ dipeptide must have been cysteyl- 
glycine. (6) Omdensation of glutathione with ammonium thiocyanate and acetic 
anhydride yields a bisthiohydantoin [Nicolet, 1930]; on further condensation 
with benzaldehyde and treatment with alkali ftdJowed by reacidification this 
gives benzylidenethiohydantoin ; such a result could only be obtained if the 
glycine residue occupied the terminal position in the molecule, (c) Glutathione is 
partly hydrolysed by carboxypolyjwptidase [Grassmann et al,, 1930] with 
liberation of glycine as the only free amino-acid; this again could only occur if 
glycine wert^ in the ttTminal position. 

Tt is clear thtTcfore that so far as anal>d.ical evidence is concerned the 
structure of glutathiom* as y-glutamylcysteylglycine is thoroughly established. 
The description of the final confirmation of this constitution by s;yTithesis is the 
object of the present paper. 

The problem of thf» synthesis of a peptide with the constitution assigned to 
glutathione presents two major difficulties. In the first place it is necessary to 
devise a method of bringing the y-carboxyl group of glutamic acid into reaction 
whilst the a-(;arboxyl group is proteett^d, and in the se(*ond place the great 
lability of the y-glutamyl linkag<‘ onee formed is a serious obstacle in the way of 
the final removal of acyl and ester groups which art* inevitabU* constituents of the 
interme*diate products of the synthesis. For these reasons the older methods of 
peptide synthesis are of little*- help and it was nt)t until the discovery of the- 
l)(*nzyIcarbonato method by BtTgmann and Zervas [1932] that the synthesis of 
glutathione earno within the bounds of possibility. Ea^cii tliis method in its 
original form however did not ])rovide a solution of all the* difficulties, since the 
removal of the benzyl ear bon a to residue, according to Bergmann and Zervas, 
d(*pt^ndiiig as it does on (‘atalytie r(»duction, could not be effectively carried out 
with cysteine -containing df‘riA^atives. 

In the (‘oursp of some synthetical (*xperiinents by one of us (C;. R. H.) in con- 
junction with Dr S. Kishi (to be published later) on the preparation of thyroxine - 
containing peptides by the method of Bergmann and Zervas, the difficulty was 
encountered that removal of the benzylcarbonato residue by eatal;V'tic reduction 
was always accompanied by more or less deiodination. In the search for an 
alternative reducing agent we were first led to try the mixture of a diJiiU* solution 
of hydriodi<? acid in acetic acid Avith red phosphorus successfully applied by Lamb 
and Robson [1931] to the reduction of a-beiizaniidociimamic acid derivatives. The 
results of x^reliminary experiments with this reducing agent encouraged us to 
seek for a further improvement and we finally found that warming at 45-50"" in 
ac^»tii! acid solution with phosplionium iodide afforded a rapid and efficient means 
of removal of the benzylcarbonato residue, the benzyl group being eliminated as 
benzyl iodide instead of as toluene in the case of catalytic reduction. In simple 
cases such as that of benzyl carbonylglycylgly cine deacylatioii could be effected in 
this mamier with a yield of 80 % of the theoretical amount of the dipeptido and 
even with derivatives of diiodothyronine the yields were quite satisfactory. 

An attempt was next made to substitute phosphonium iodide reduction for 
catalytic hydrogenation in the last stage of the synthesis of glutamine described 
by Bergmann and Zervas [1933] ; treatment of JV-benzylcarbonylglutamine in 
acetic acid solution with phosphonium iodide yielded in fact 35 % of the theo- 
retical amount of crystalline glutamine. The success of this experiment en- 
couraged us to hope that the use of phosphonium iodide might also be effective in 
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the final stages of the synthesis of glutathione and this expectation has been 
realised. 

The actual course of the synthesis was as follows. A^-Benzylearbonylcystine 
[Bergmann and Zervas, 1932] was converted into the acid chloride and the latter 
coupled with glycine ester ; the product on treatment with phosphonium iodide in 
acetic acid was converted into cysteylglycyl ester (I) which was conveniently 
isolated as the hydroiodide. .^^-Benzylcarbonylglutamic acid was then converted 
into the anhydride which with sodium methoxide in methyl alcohol yielded the 
a-monomethyl ester of A^-benzylcarbonylglutamic acid [cf. Melville, 1935]; 
treatment with phosphorus pentacliloride converted the latter into the corre- 
sponding acid chloride (II) which was coupled with cysteylglycjd ester to give the 
ester (III). 
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The ester groups were removed from III by very careful hydrolysis in alkaline 
aqueous dioxan solution and the resulting acid was treated with phosphonium 
iodide under the usual conditions. From the reaction mixture there was obtained 
in small yield the trij)eptide IV which proved to be identical in every respect with 
an authentic sample of glutathione obtained from natural sourcefe. 

The results of the present work therefore leave no doubt that naturally 
occun’ing glutathione is, as has been supposed, y-glutamylcysteylglycine. 

In view of the work of Stewart and Tunnicliife [1925] we have thought it of 
interest to prepare y-glutainylcysteine with the aid of the better methods which 
are now available and a description of this 83 nithesis is included in the present 
paper. The course of the synthesis follows the lines of that of glutathione itself 
and calls for no detailed comment. 

The synthetic material was distinguished by its remarkable acidity, the of 
its aqueous solution being about 2*5; in the oxidised form it had 120^ as 

compared with [a] 5 ^j '-97*4"’ for the product of Stewart and Tuimicliffe; the 
behaviour of the oxidised form of our compound on heating differed from that 
of the peptide de 8 cril)ed by the latter authors although the final decomposition 
pointsof the two products were the same. The behaviour of an amorjphous peptide 
on heating is however of little significance and in view of the satisfactory analytical 
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results recorded by Stewart and TunniclifFe and of the fact that the divergence 
between the specific rotations of their product and ours is not very great, we are 
inclined to think that these authors did in fact have in their hands a somewhat 
impure preparation of y-glutamylcystine. 

Experimental. 

DeacylatAon of H-benzylcarbonyl compounds with phosphonium iodide. 

(a) Preparation of glycylglycine. Benzylcarbonylglycylglycine (0*5 g.) [cf. 
Bergmann and Zervas, H332] was dissolved in glacial acetic acid (20 ml.) to which 
was added phosphoniura iodide (0*5 g.); the solution was contained in a flask 
provided with a reflux condenser and an inlet tube through which was passed a 
slow stream of dry hydrogen, the issuing gases being passed through saturated 
aqueous barium hydroxide and the flask being immersed in a water- bath at 
4.^50'' ; after 25 min. evolution of carbon dioxide had ceased indicating that the 
reaction was complete. The solution was evaporated under diminished pressure 
and the residue taken up in a little water ; after neutralisation with ammonia the 
evaporation was repeated and the residue again taken up in a little water. 
Addition of alcohol precipitated glycylglycine in colourless plates which were 
analytically pure. Yield 80 % of the theoretical. (Foimd: N, 21*1 %. C4H8O3N2 
requires N, 21*2 %.) 

{b) Preparation of glutamine.. The benzyl ester of benzylcarbonylglutamine 
(3*7 g.) [cf, Bergmann and Zervas, 1933] was dissolved in alcohol (50 ml.) and the 
solution treated at room tt’^mperaturc with 2N sodium hydroxide (5 ml.). After 
1 hour the mixture was only faintly alkaline to thymolphthalein ; 2N hydro- 
chloric acid (5 ml.) was added and the solution evaporated under diminished 
pressure ; the oily residue was taken up in ethyl acetate and the latter extracted 
with aqueous sodium bicarbonate; careful acidification of the aqueous extract to 
maximum precipitation yielded an oil which rapidly hardened. (1*7 g.; 61 % of 
the theoretical.) 

The above product was dissolved in acetic acid (17 ml.) and phosphonium 
iodide {1-5 g.) was addeni: after 45 min. under the conditions described above a 
further addition of phosphoniura iodide (0*5 g.) was made. Evolution of carbon 
dioxide ceased after 1*5 hours in all. The solution was evaporated under 
diminished pressure and the residue taken up in water ; the aqueous solution was 
washed three times with ether, made slightly alkaline with ammonia and con- 
centrated to a low bulk under diminished pressure ; addition of alcohol produced 
a crystalline precipitate which was collected and weighed (0*19 g.), a further 
crop of 0*13 g, being obtained by working up the mother liquor; the total yield 
was therefore 35 % of the theoretical. (Found : N (Kjeldahl), 19*6 %, C5 Hiq 03N2 
requires N, 19*2 %; on analysis in the van Slyke amino-nitrogen apparatus there 
was found, after 5 min. shaking, N, 18*6 %.) 

Synthesis of glutathione. 

A few of the compounds described below have already been recorded by 
Bergmann and Zervas ; in these cases we give a brief description of the method of 
preparation which we have found to be most advantageous. 

^•Benzylcarbonylcystyl chloride. A^-Benzylcarbonylcystine (11 g.), finely 
powdered and thoroughly dried, was suspended in anhydi‘ou8 chloroform 
(60 ml.) ; the mixture was cooled in ice and salt and treated in one portion with 
powdered phosphorus pentachloride (11 g.)} continued shaking with inter- 
mittent cooling almost all passed into solution, after which crystallisation of the 
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chloride set in rapidly. Separation of the chloride was completed by addition of an 
equal volume of anhydrous ether and keepiiig in the freezing mixture for a short 
time ; the crystals were then collected on a sintered glass funnel with exclusion of 
atmospheric moisture and used immediately for the next reaction, 

l^~Benzylcarbonylcystylglycine ethyl ester. Tlie acid chloride prepared as above 
from 11 g. of iV-benzylcarbonylcystine, in as finely divided condition as possible, 
was added in portions with shaking to a solution of glycine ethyl ester (13*5 g. ; 
50 % excess) in ethyl acetate (200 ml.) at 0® ; after keeping overnight at O'' the 
precipitate was collected, air dried, triturated with wat€>r and again i*,ollected ; it 
was recrystallised from -propyl alcohol and corresponded in properties with the 
product described by Bergmann and Zervas [1932], Yield 11*5 g. or 75% 
calculated on the xV-benzylcarbonylcystine used. (Found:N,8-0 %. C 3 oH 3 gOioN 4 S 2 
requires N, 8-3 %.) 

Cysteylglycine ethyl esUr hydroiodide. xV-Benzylcarbonylcystylglycinc ethyl 
ester (11-5 g.) was dissolved in warm glacial acetic acid (115 ml.); the solution 
was cooled to 50^^ and treated with phosphonium iodide (11*5 g.). Reduction wras 
carried out at 45-50'' under the usual i‘onditions, evolution of carbon dioxide 
being complete in 2| hours at w'hich time very little phosphonium iodide was left 
in excess. The solution was evaporated uridtT diminished pressure and the 
residue taken up in a little glacial acetic acid; on inocuilation with a previous 
preparation (obtained by precipitation of the acetic acid solution with anhydrous 
ether) crystallisation set in rapidly. Separation was completed by addition of 
anhydrous ether and keeping at 0^ for 2 hours; the product w^as then coliectt^d, 
washed with ether and dried. Yield 95 % of the theoreti<'al. 

Cysteylglycine ethyl ester hydroiodide forms long colourless needles from 
acetic acid, M.r. 115'; it is non -hygroscopic but exceedingly soluble in water ; it is 
readily soluble in alcohol and warm acetic acid but insoluble in organic solvcntvS. 
(Found: C, 24*9; H, 4*65; N, 8*30; I, 39*2; S, 9*3 %. C^HjaG^NalS reqiiircvs C, 
25*2; H, 4*5; N, 8*4; I, 38*1; S, 9*5 %.) 

^-Benzylcarbonylglutdmic anhydride, >V-Benzylcarbonylglutamic acid (45 g.) 
was covered with freshly distilled acetic anhydride (120 ml.) and the mixture 
rapidly brought to the boil; boiling was continued for 2 mins. afkT wdiich the 
solution was quickly cooled and evaporated as far as possible! under diminished 
pressure on a boiling water-bath. The! residue was poured into a lH‘aker, trans- 
ference being completed with the aid of a little anhydrous chloroform ; on cooling 
and rubbing crystallisation set in and was completed by addition of 2-3 vols. of 
anhydrous ether. After keeping for a short time in the cold the product was 
collected, washeid with ether and dried; it corresponded in properties with the 
preparation described by Bergmann and Zervas [1932]. The yield was 88 % of 
the theoretical. 

cc-M ethyl ^-benzylcarbonylglutamate. A^-Benzylcarbonylglutamic anhydride 
(35*4 g.) was dissolved in warm anhydrous methyl alcohol (200 ml.) ; the solution 
was rapidly cooled and treated, before crystallisation set in, with one equivalent 
of sodium dissolved in methyl alcohol (60 ml.). After 45 min, the solution was 
evaporated under diminished pressure ; the residue was taken up in water and tlie 
aqueous solution washed four times with ether. After acidification with dilute 
hydrochloric acid the solution was again thoroughly extracted with ether; the 
ethereal extra(!ts were! dried over sodium sulphate and evaporated, the residue 
being transferred to a flat dish which was placed in a vacuum desiccator over 
phosphoric oxide. Desiccation was continued in this manner for several days 
with repeated renewal of the drying agent. The ester formed a colourless very 
viscous oU. (Found: N, 4*75 %. requires N, 4*75 %.) 
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cf.- Methyl IS^-benzylmrbonylglutairmtocysteylglycine ethyl ester {III). In the 
preparation of this compound it was found to be desirable to use a large excess of 
a-methyl iV'-benzylcarbonylglutamate for the* preparation of the acid chloride. 
In the first experiments coupling between this chloride and cysteylglycine ester 
was effected in pyridine solution : sinc<‘ howevtT it is convenient to employ 
cysteylglycine estc^r hydroiodide rather than the free ester which is not easy to 
isolate and since pyridine is not a strong enough base completely to liberate the 
free ester from the hydroiodid(\ it was advantageous to employ diethylamine to 
liberate the ester and bind the hydrochloric acid formed during the coupling and 
to carry out the reaction in an indifferent solvent. 

a-Methyl A'-benzylcarbonylglutamate (17-7 g.) was dissolved in anhydrous 
ether (52 ml.) ; the solution was cooled in ice and salt and treated with powdered 
phosphorus pentachloride (16*2 g.) ; after shaking with intermittent cooling for 
15-20 min. nearly all the phosphorus pentachloride had disappeared. The 
solution was decanted from excess of phosphorus pentachloride and evaporated 
under diminished pressure without application of heat and with exclusion of 
atmospheric moisture ; the residue was rubbed up with ligroin, and the cjystalline 
precipitate collected and w^ashed with light petroleum. It was removed from the 
filter by percolation with three lots of 12 ml. of anhydrous chloroform which left 
an a])pr<‘ciable amount c)f imjiurity undissolved. 

In the meantime cysteylglycine ethyl ester hydroiodide (10 g.) was suspended 
in anhydrous chloroform (75 ml.) and treated with diethylamine (()-2ml.; 
2 mols.); after brief agitation the hydroiodide passed into solution. The clear 
liquid was (tooled in ice and salt and treated gradually with the chloroform 
solution of the acid chloride ])repared as described above; 1 ml. more of diethyl- 
amine was introduced to wan Is the end of the addition of acid chloride in order to 
maintain an alkaline reaction. After 5 horns at room temperature the solution 
w^as filtered and the filtrate w’ashed four times with water, once with dilute 
sulphuric acid and once again with w^ater : it was then dried over sodium sulphate 
and evaporated under diminished pressure. The residue w’^as taken up in boiling 
ethyl acetate (150 ml.) and treat<Hl with 1-1*5 vols. of light petroleum (b.p. 
ltH)~120'^) ; after keeping at O'" for some hours the product was collected, washed 
with light petroleum and dri(‘d. Crude yield 8-4 g. or 58 % calculated on the 
cysteylglycine ethyl ester hydroiodide employed. 

During the various manipulations a certain amount of oxidation of the 
X>roduct to the sparingly soluble disulphide form had occurred; this made 
purification difficult and the only mt^thod of obtaining a satisfactory preparation 
consisted in the wasteful process of reduction of the crude product with zinc 
dust followed by precipitation as the cuprous mercaptide [c/. Pirie, 1931]. The 
crude material (1 g.) was dissolved in hot alcohol (50 ml.); 7-5 ml. of 5 A 
sulphuric acid and 2-5 ml. of water wmv added and the warm solution was shaken 
with zinc dust for 16 mins. ; the solution was then filtered, the filter being washed 
with 2/3 N sulphuric acid in 80 % alcohol. The filtrate and w^ashings were treated at 
boiling point with an alcoholic suspension of cuprous oxide which was added 
drop by drop with careful avoidance of excess. The white precipitate was 
separated on the centrifuge and washed three times with alcohol; it was then 
suspended in alcohol and decomposed at boiling point with a vigorous stream of 
hydrogen sulphide. The cuprous sulphide was separated on the centrifuge and 
washed with alcohol, the washing being added to the first solution from which 
crystals had already begun to separate; after heating the combined alcoholic 
liquors to obtain a clear solution an equal volume of water was added and the 
whole set aside at O'" overnight ; next day the crystalline precipitate was collected, 
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washed with dilute alcohol and dried. Yield 0-55 g. The ester crystallises in fine 
colourless needles which tend to form spherical aggregates, m.p. 173®. It is 
somewhat sparingly soluble in alcohol. (Found: C, 52-28, 52-23; H, 6*06, 6*08, 
N, 8*99, 8-83; S, 6-17, 6-05 %. CgiHgsOgNgS requires C, 52-2; H, 6*0; N, 8-7; 
S, 6-6 %.) 

lSi-Benzyl(^rbmyl-y-glutamylcysteylglycine. The hydrolysis of the above ester 
oflTered considerable difficulties ; no success was achieved by working in aqueous 
or aqueous-alcoholicj solution and it was not until aqueous dioxan was tried as a 
medium that a satisfactory preparation of the acid was obtained. The purified 
ester (4*6 g.) was dissolved with warming in purified dioxan (50 ml.); after 
addition of thymol phthalein the solution was rapidly titrated with N sodium 
hydroxide until faintly blu(^ (this required almost exactly one equivalent of 
alkali and corresponded to the SH group) : two more equivalents of N NaOH 
were then added and the mixture kept at room temperature for I J hours. At the 
end of this period the sodium hydroxide used was neutralised exactly by addition 
of dilute hydrochloric acid; the dioxan was then removed by distillation under 
diminished pressure and the aqueous residue extracted with ethyl acetate. The 
latter was extracted with aqueous sodium bicarbonate and the aqueous extract, 
after washing with ethcT, was acidified ; the oil which separated rapidly hardened 
and was ciollected, washed with water and dried. yif‘ld 3-8 g. or 90 % of the 
theoretical. 

The crude product formed a colourless granular powder, m.f. 163® (decomp.) 
after sintering. (Found: N, 9*2 %. CigHggOgNgS requires N, 9*5 %.) 38*9 mg. 
required 7*9 ml. N/50 NaOH to neutralise to methyl red; 038 ^ 123 ^^ 8 ^ 3 ^ titrating 
as a dibasic acid requires 8*8 ml. of A/50. 

For analysis a small sample was purified through the cuprous mercaptide ; 
after recovery it was obtained from dilute alcohol as colourless needles, m.p. 166® 
after sintering. (Found: C, 48*3; H, 5*45; N, 9*2 %. CjgHggOgNgS requires C, 
49*0; H, 5*2; N, 9*5 %.) 

y-Olutamylcysteylglycine — glutathione, iV-Benzylcarbonylglutamylcystoylgly- 
cine (3 g. crude) w-as dissolved in warm glacial acetic acid (30 ml.) and treabcid 
with pulverised phosphonium iodide (2*4 g.); the reduction was carried out as 
usual. During the reaction a sticky precipitate separated on the walls of the 
flask and tended to coat the phosphonium iodide and render the latter non- 
reactive ; further additions of 2 and 1 g. of phosphonium iodide were therefore 
made at 70 and 120 min. respectively. After 140 min. in all the acetic acid was 
decanted and the precipitate rubbed up with a small amount of alcohol into 
which it passed into solution with decomposition of excess phosphonium iodide; 
the acetic acid was treated with excess of anhydrous ether and the precipitate 
separated and taken up in the minimum of alcohol ; the combined alcoholic 
solutions were then again precipitated with anhydrous ether. The crude peptide 
hydroiodide so obtained was rubbed up with ether until granular, separated at 
the centrifuge and taken up in the minimum of water ; 5 A sodium hydroxide was 
cautiously added to pjj 2*9 followed by excess of alcohol; the crude peptide was 
redissolved in a little water and again precipitated with warm acetone to com- 
plete removal of iodide. The precipitate was taken up in 0*5 A sulphuric acid and 
the filtered solution treated at 50° with a suspension of cuprous oxide; the 
mercaptide separated with the * characteristic silky sheen noted by Hopkins 
[1930]. The mother liquor was treated with mercuric sulphate to maximum 
precipitation and the mercury compound separated, washed and decomposed in 
the usual manner ; renewed treatment of the recovered solution with cuprous 
oxide gave a small further amoirnt of mercaptide. 
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The combined precipitates of cuprous morcaptide were washed at the centri- 
fuge until free from sulphate (9 washings), suspended in water and decomposed 
with hydrogen sulphide ; the filtrate from the cuprous sulphide was concentrated 
in a desiccator over phosphoric oxide to a low bulk and left overnight in a 
desiccator containing sodium hydroxide and a dish of alcohol and evacuated to 
300 mm. Next morning the moist, entirely crystalline residue was collected with 
the aid of alcohol and dried at 56'' in a vacuum over phosphoric oxide. Yield 
223 mg. 

The material so obtained was pure; it could be recrystallised by solution in 
water and concentration in a desiccator in presence of alcohol as described. It 
crystallised in colourless prisms and on rapid heating melted sharply at 190° with 
effervescence but no immediate coloration; this behaviour was precisely similar 
to those of authentic natural glutathione and of a mixture of the natural and 
svnthetic products. (Pound: C, 39*1; H, 5*55; N, 13*75, 13*66: S, 10 * 12 , 10*27. 
(VliANaS requires C, 39*1; H, 5*5: N, 13*7: S, 10*4 %.) 

The synthetic peptide had [a]546i“21*0'’ in water (r = 2; 1 dm, tube). Pre- 
cisely the same value was found for authentic glutathione under the same con- 
ditions. Hopkins [1930] gives [a] 54 Qi--'lS* 5 °. 

lodim titration of synthetic glutathione, 10 mg. of the synthetic peptide were 
dissolved in 5% potassium iodide and treated with 5 ml. of 0*01 xV iodine 
solution; the excess of iodine recpiired 1-75 ml. 0*01 Y thiosulphate. The iodine 
used in oxidising the SH group therefore amounted to 3*25 ml. of 0*01 Y (calc. 
3*26 ml, 0*01 xV). 

Rotation of oxidised ghUathione, No value.s for the rotation of oxidised 
glutathione prepared from the pure thiol compound appear to be available in the 
literature ; for further identification of the natural and synthetic products there- 
fore the following experiment was carried out. Synthetic glutathione (10 mg.) 
was dissolved in water (0*335 ml.); to this were added a minute* trace of copper 
sulphate and the theoretical amount of hydrogen peroxide in water (0*165 ml.) to 
oxidise the glutathione to the disulphide form ; a similar experiment was set up 
with natural glutathione. After 3 hours at room temperature the nitroprusside 
reaction had disappeared from both solutions; the solution of synthetic oxidised 
glutathione had a54gi--l*07° in a 0*5 dm. tube, giving W 5461 — 107° and the 
natural product under the same conditions had a 546 , — 1*08 giving [a] 546 i — 108°. 

Fornuition of cystylglycyl anhydride, from synthetic glutathione. A curious 
projKjrty of glutathione discovered by Hopkins [1930] is the c*ase with which the 
peptide is decomi^osed on boiling in aqueous solution with liberation of glutamic 
acid (largely in the form of a-pyrrolidonecarboxylic acid) and cystylglycyl 
anhydride. This observation has been repeated with synthetic glutathione. The 
synthetic peptide (77 mg.) was oxidised to the disulphide form with the theo- 
retical amount of hydrogen peroxide and the solution (total volume 3 ml.) boiled 
under reflux for 42 hours: concentration to a low volume on the steam-bath 
resulted in separation of crystalline material which after collection and drying 
amounted to 7*8 mg. After recrystallisation from water this formed large 
colourless needle-shaped crvstals, m.p. 261-262° (decomp.). Hopkins [1930] 
gives M.P. 262°. 

Synthesis of y-glutamyloysteine, 

ct-Methyl IS-benzyharbonylglutamatocysteine ethyl ester. The acid chloride from 
15 g. of a-methyl Y-beuKyloarbonylglutamate prepared as above was dissolved 
in chloroform (30 ml.) ; cystine ethyl ester hydrochloride (7 g.) was suspended in 
anhydrous chloroform (75 ml.) and treated with diethylamine (7*8 ml.); to the 
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resulting clear soluticn of cystine ester the acid chloride was added gradually 
with shaking and strong cooling ; towards the end of the process further diethyl- 
amine (1-9 ml.) was added in order to maintain an alkaline reaction. After 
keeping overnight the solution was washc^l three times with water, once with 
dilute sulphuric acid (excess) and once again with water; it was then filtered 
through a dry paper, dried over sodium sulphate and (*vaporated under di- 
minished pressure. The oily residue was taken up in a little ethyl acetate and 
treated gradually with light petroleum (b.p. 100-120'') ; the precipitate, at first 
oily, rapidly be(^am(‘ hard and granular. Yield 7*2 g. (44 % of the theoretical 
calculated on the cystine ester hydrochloride) . 

For purification th(‘ crude esW was reduced to the thiol form by treatment 
with zinc dust in warm dilute alcohol containing sulphuric acid and then pre- 
cipitated as th<‘ cuprous mercaptid(‘. On recovery the compound formed fine 
colourless m^edles from dilute alcohol, m.p. 91^^. Considerable loss was involved in 
the purification. (Found: C, 53*3; H, 6*0; N, 6*4; S, 7*5 %. requires 

C, 53*5; H, 61 ; N, 6*6; 8, 7*5 %.) 

^-Benzylcarbonyl’-y-ghiUimylcysieine. The above ester (2*5 g. ; purified) w'as 
dissolved in purified dioxaa (12*5 ml.); 2 drops of thymolphthalein were added 
and N sodium hydroxide was run in to the first permanent blue colour (6*0 ml. 
used; theoretical for 1 equiv. 5*9 ml.); 11*8 ml. N sodium hydroxide were then 
added and the mixture kept at room tcm})erature for T} hours. After treatment 
with 2iV hydrochloric acid equivalent to th<'. total sodium hydroxide used the 
dioxan was removed by distillation under diminished pressure. The residue was 
extracted with (tJiyl acetate and the latter in turn extracted with aqueous 
sodium bicarbonate ; the alkaline solution was washed with etluT, acidific^d and 
again extracted with (^thyl acetate. The ethyl acetate solution was dried over 
sodium sulphate and evaporated to a low bulk under diminished pre^ssu re ; 
addition of light petroleum to the residue caused the acid to se})arate as an oil 
which became cheesy but not completely solid. The compound was used for the 
next reaction without further purification. 

y-Giutarnylcysteine. A^-Benzyl car bony 1-y-glutamyl cysteine (1*8 g.; crude) 
was dissolved in glacial acetic acid (18 ml,) and reduced as usual with jfiios- 
phoniurn iodide (2*45 g. in all; 1*7 g. at beginning and 0*75 g. after 1 hour); the 
leaction was complete in 2 hours. The solution was then evaporated under 
diminished pressure and the n\sidue taktm up in a little water ; aftcT I'emoval of 
benzyl iodide by extraction with ether the aqueous solution was adjusted to 
jOfj 2*6 (estimated isoehnitric point of the peptide) by addition of 5iV sodium 
hydroxide. Alcohol w^as then added but evidently failed to produce complete 
precipitation; the was therefore raised to about 3*4 by addition of saturated 
aqueous sodium acetate when maximum ftocculation occurred ; precipitation was 
completed by addition of acetone. The precipitate was separated at the centri- 
fuge, again taken up in a little water and precipitated with alcohol, this process 
being repeated twice more to remove the last traces of iodine. The product was 
then purified through its cuprous mercaptide and separated after recovery from 
the latter in the same way as described for glutathione ; it was finally obtained in 
two crops, the first (consisting of well formed prismatic crystals (177 mg.) and the 
second of crystalline but less pure material (85 mg.). The compound melted with 
decomposition at 167" after sintering. It possessed very marked acidic properties, 
having in aqueous solution about 2*5. (Foimd: C, 37*6; H, 5-6; N, IM, 
S, 12*0 %. CgH^OgN^S n^quires C, 38*4; H, 5*6; N, 11*2; S, 12*8 %,) 

Iodine titration. The peptide (10 mg.) was dissolved in 5 % potassium iodide 
(5 ml.) and treatc^d with 0*01 A iodine solution (5 ml.); the excess of iodine 
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re^quired 0*6 ml. of 0-01 iV sodium thiosulphate. The iodine used up therefore 
amounted to 4*4 ml . of 0*01 N as against the theoretical amount of 4*0 ml. 0*01 N, 

Rotation of y-gluiamyhysteAnt ami y-gluUimylcystine. y-Glutamylcysteine 
(110 mg.) was dissolved in water (10 ml.) ; the solution had a54ei-|-(3*15‘^ in a 
1 dm. tube, giving [oc] 54 <ji + 13*6°. 

9*7 ml. of the above solution, corresponding to 106*7 mg. of the peptide, were 
then oxidised with the theoretical amount of hydrogen peroxide in presence of a 
trace of copper sulphate; after 2 hours the nitroprusside reaction had disap- 
peared and the solution had a 546 i-“ 1*19" in a 1 dm. tube, giving laj 546 i 120° for 
the disulphide form of the peptide. 

y^Glntamylcydine . A sample of the oxidised form of the dipeptide w^as ob- 
tained by twaporating the above solution to dryness in a vacuum desiccator, 
taking up the glassy residue in a little water and j)recipitating with excess of 
absolute alcohol. S(q)arated in this way, it form(‘d a non-hygroscopic amorphous 
powder ; the behaviour on heating was curious since the material swelled up the 
capillary tube at a little over 100° after which no further change 0 (‘curred until 
187° when brisk decomposition set in. (Stewart and Tunnicliffe [1925] give 187° 
after softening at 165-170° as the melting point of their product.) (Found: 
N, 10-6 %. C;eH 2 „OioN 4 S., requires N, 11*2 %.) 


REFERENCES. 

HtTp;mann and Zervas (1932). Her, deuixch, rhem. (reii. 65, 1192. 

(I933)‘ deMtsrh, chem. Qca. 66, 1288. 

CrasBnianii, l)v<'k<*rhotf and Kibeler (1930). Zt. physiol. Chem, 189, 112. 
Hopkins (1921). Biochem. J. 16, 28(>. 

(19,30). d, Hiol. Chem. 84, 269. 

Hunter and Eagles (1927). J. Biol. Chem, 72, 147. 

Kendall, McKenzie and Mason (1930). J. Biol. Chem. 84, 057. 

. Mason and McKenzie (1930, 1). J, Biol. Chem. 87, 55. 

(1930, 2). J, Biol. Chem. 88, 409. 

Lamb and Hobson (1931). Biochevi. J. 25, 1231. 

Melville (1935), Biochem. J, 29, 179. 

Nicrolet (1930). J. Biol Chem. 88, 389. 

Virie (1931). Bioehem. J. 25, 613. 

and Pinhev (1930). J. Biol. Chem. 84, 321. 

Qua.stel, vStewart and I'unnielilTc (1923). Biochem. J. 17, 586. 

Stewart and Tunni<'liffe (1925). Bwchem. J. 19, 207. 
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Although ^-ascorbic acid (/-xyJo-ascorbic acid) ia the moat active antiscorbutic 
substance so far known, other chemically related compounds have been shown 
to possess antiscorbutic activity. Of these rf-arabo-ascorbic acid (d-erythro-3- 
ketohexonic acid lactone) [Maurer and Schiedt, 1933] possesses about 1/20 
[Dalmer and Moll, 1933; Demole, 1934], Z-rhamno-ascorbic acid (O-methyl-Z- 
arabo-3-kctohexonic acid lactone) 1/5 [Reichstein ci nl., 1935] of the activity of 
Z-ascorbic acid. A homologue Z-gluco-ascorbic acid is 1/40 active [Reichstein, 
1934 and private communication]. This compound was tested recently by the 
writer and, as will be seen from Fig. 1, was found to be endowed approximately 
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with the activity claimed for it. Unfortunately, owing to scai’city of material,' 
a more accurate assessment was not carried out. 

In contradistinction to the above compounds cZ-ascorbic acid failed to show 
antiscorbutic activity when administered to guinea-pigs on a scorbutic diet in 
daily doses of 20 mg. [Demole, 1934]. d-Gluco-ascorbic acid {d-3-ketogluco- 
heptonofuranolactone) [Ault et aZ., 1933] and d-galacto-ascorbic acid (d-3.keto- 
galactoheptonofuranolactone) [Baird et aZ., 1934] were found to be totally 
inactive in daily doses of 10 mg. (Zilva, unpublished results). 

^ Member of the ScientiHc Staj(f, Medical Kesearch Council. 
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It will be Been from formulae I-VII that in all the compounds which show 
antiscorbutic activity the ring engages the hydroxyl group to the right of the 
carbon chain and that the opposite is the case with the inactive compounds. In 
consequence Reichstein [1934] and Haworth [1934] tentatively suggested that 
such configuration may be a necessary condition of antiscorbutic activity in 
these substances. 
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In this communication data arc produced which promise to become criteria 
of value in fathoming the specificity and general mechanism of the biological 
action of the ascorbic acid group of compounds. The results show that when the 
animal organism (guinoa-pig) is exhausted of /-ascorbic acid and the above 
substances are introduced into the system, the degree of “fixation” by the tissues, 
especially by those which show “selective fixation’’ such as the adrenals, anterior 
lobe of the pituitary, intestine etc., is controlled by the degree of antiscorbutic 
activity. This fact was reflected further by the excretion of these compounds by 
the kidney in amounts which varied inversely with the potenc 3 ^ 


Technique. 

The purity of the various compoimds was assessed bj'' titration with indo 
phenol. With the exception of a few intraperitoneal and intracardiac injections, 
the partially neutralised acids were introduced directly into the blood stream 
through the Jugular vein which was layed open under novoeaine. After injection 
the guinea-pigs were placed in a metabolism cage, thus enabling the urine to be 
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quantitatively collected. Each delivery, except the night urine, was titrated 
immediately after passing with indophenol at 2*5. Twenty-four hours after 
injection the animals were killed by stunning and bleeding and the tissues were 
at once worked up with the utmost speed for analysis. With the exception of the 
pituitary the material was extracted twice with trichloroacetic acid by grinding 
with sand and centrifuging, after which the extracts were titrated with A/1000 
indophenol at 2*5. The pituitary was removed immediately after killing, 
placed in a 2 % solution of normal lead acetate for about a minute and then 
introduced into 0*4 % AgNOg and kept in this solution in the dark for 15 minutes. 
At the end of this time the preparation was washed, fixed with sodium thio- 
sulphate and preserved in 50 % alcohol. The degree of darkening of the anterior 
lobe was graded from 0 to -f- + -t- 4- . In the case of the “carcass”, the skinned 
body of the animal from which the brain and tlie internal organa were removed 
was passed quickly through a mincing machine, well mixed, and an aliquot 
portion (20 g.) was extracted with trichloroacetic acid as mentioned above. The 
guinea-pigs on the mixed diet received a liberal supply of cabbage. 

Discussion of results. 

In appraising the experiments it is convenient to consider first the results 
obtained with the guinea-pigs which received no injection on a s(^orbutic diet. 
Such animals, as has been shown by J)e Caro [1934J, are soon depleted of their 
store of Z-ascorbic acid. It will be seen that the negative control group lost most 
of the vitamin contained in the tissues. It is indeed doubtful whether the 
reduction of the indicator in this ca^se is due mainly to Z-aseorbic acid. The.residual 
reducing capacity of the tissues of the control animals, whatever its 8ignific*ance, 
has, however, to be taken into consideration when the figures in the other groups 
arc discussed. 

The guinea-pigs which received 50 mg. of Z-ascorbic acid show a distribution 
of the injected vitamin amongst the tissues similar to that observed in the case of 
guinea-ijigs kept on a mixed diet. The same “selective fixation” is observed in 
the adrenals, anterior lobe of the pituitary, intestine and liver as is usually found 
in all animals whether they obtain the vitamin from a sufficient intake in the 
food or by synthesis. In addition, with the possible exception of the adrenals and 
liver, there was no very marked disparity between the quantities of Z-ascorbic 
acid found in the respective tissues of the guinea-pigs of the two groups. 

Reference must now be made to the animals which received the inactive 
compounds or rather the compounds which have no antiscorbutic activity in 
doses so far tested, namely, d-gluco- ascorbic acid and fZ-galacto-ascorbic acid. In 
these cases, considering the limitation of the method, the figures appear to be 
identical with those of the negative control animals. In other words, neither of 
these compounds has been “fixed” in the tissues, at least in the reduced form. 

This observation becomes arresting when other I'esults in the table disclose 
the fact that rf-arabo-ascorbic acid (1/20 active) fills an intermediate position in 
this respect btitween the fuUy active Z-ascorbic acid and the “inactive” d-gluco- 
ascorbic and <Z-galacto-ascorbic acids. This evidence strongly suggests that the 
antiscorbutic activity of this class of compounds is correlated with their “fixa- 
tion” in the tissues. 

The weakest link in this chain of evidence is the behaviour of Z-gluco- 
ascorbic acid. The quantities of this corapoimd which were “fixed” differed from 
those of the “inactive” compoimds by amounts which fall within the limits of 
experimental error. It is appropriate, however, to point out at this juncture that 
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Z-gluco-ascorbic acid is claimed to be only 1/40 active and that my test suggests 
that it may even be less potent. Other results, to be discussed later, support the 
view of ‘‘fixation” by the tissues even in this case. 

The contrast between the behaviour of the various compounds is more re- 
vealing when the urinary excretions of the acids are compared. Although the 
greater part of such excretion as took place was completed during approximately 
the first four hours after injection, it was thought advisable to continue the 
determination in the urine for twenty-four hours. After this time the amount 
thus voided became hardly appreciable. It is seen from the figures that the 
quantity of the compounds passed in the urine is the inverse of the degre^e of the 
antiscorbutic activity, a fact which is partly explained by the differential 
“fixation ” of the various acids by the tissues. Moreover, the difference between 
the amount of /-gluco-ascorbic acid excreted in the urine on the one hand and of 
d-gluco-ascorbie acid and d-galacto-ascorbic acid on the other appears to fall 
outside the limit of experimental error, particularly when it is borne in mind that 
greater accuracy is obtained in titration of these compounds in urine than in 
most of the tissues discussed here. There is, therefore, an indication, despite its 
very low activity, that J-gluco-ascorbic acid is also “retained” more efficiently 
than the “inactive” compounds. It must, nevertheless, be acknowledged that 
this point calls for further examination. 

To the writer it seems that the general results justify the assumption that the 
antiscorbutic activity of these chemically related compounds is connected with 
their capacity of being “retained” by the tissues of the animal organism. It is 
obvious that the continuation of this investigation, which is pregnant with a 
number of possibilities, will shed more light on the matto. The advancie of the 
problem is at the moment slow, being to a great extent dependent upon the 
continued supply of synthetic material. 

With the exception of /-ascorbic acid, for which I am indebted to Messrs. 
Hoffmann La Roche, Ltd., the compounds used in this inquiry were prepared at 
the University of Birmingham by Prof. W. N. Haworth, Dr E. L. Hirst, Mr 
J. K, N. Jones and Mr F. Smith for the purpose of assessing the antiscorbutic 
activity. 1 should like to express my gratitude to my colleagues for offering me 
the opportunity of utilising this valuable material in the present work. 
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The facts which are at present known regarding the relationship of chemical 
structure to physiological action in the thyroxine series indicate that the exliihi- 
tion of typical thyroid-like activity by a compound depends on the presence in its 
molecule of the thyronine nucleus halogenated at least in the S'.o-positions. 
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Thus if we takc^ thyroxine as our starting point we find that complete loss of 
physiological activity follows elimination of one of the benzene rings (3:5- 
diiodotyroain(‘), abbreviation of the side chain (thyroxamine) and total elimina- 
tion of halogen (thyronine); on the other hand elimination of the 3':5'-iodine 



Fig. 1. Comparison of effects of thyroxine and its ketonic acid analo^e on the metabolism of 
a dog. The total excess Cals, are 160 or 11 Cals./mg./kg. for the thyroxine and 246 or 
8 Cais./mg./kg. for the keto*acid. 

^ On leave of absence from Tufts College Medical School. 
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atoms only and substitution of iodino by bromine do not involve total loss of 
activity since 3:5-diiodothyronine and 3:5:3':5'-tetrabromoth3rronine both possess 
physioiogical properties which are qualitatively similar to those of thyroxine. 

Since many amino-acids which perform essential metabolic functions can be 
effectively replaced in the diet by the corresponding keto-acids it appeared of 
interest to see whether the keto-acid corresponding to thyroxine would exhibit 
the typical physiological action of the latter. 

The synthesis of this keto-acid was elfected by well-known reactions and calls 
for no detailed comment. Its physiological action was examined by determina- 
tion of its effect on the metabolic rate of a dog under standardised conditions, the 
methods employed being those described by Canzanelli and Rapport [1933]. The 
results are shown in Fig. 1 in which the effects of two separate doses of 10 mg. /kg. 
of the keto-acid are compared with the effect of 2 mg. /kg. of thyroxine. It will be 
seen that there is good agreement between the two experiments with the keto- 
acid and that the total excess metabolism produced amounts to 11 Cals. /mg. /kg. 
for thyroxine and to 3 Cals. /mg. /kg. for the keto-acid. 

It is clear therefore that the keto-acid does exhibit the characteristic physio- 
logical activity of thyroxine, although in lower degree, and that here again we 
have an example of the ready interchangeability of amino- and keto-acids in the 
animal body. 

Experimental. 

Synthesis of 3:t5-diio(io-4-{3':*y-‘dnofh-4'-hydroxyphenoxy)phenylpyrvvic acid. 

AzlacUme from acetylglycine and 3:5-diiod.o-4-{4''-mHhoxyphenoxy)benzalde- 
hyde. An intimate mixture of the aldehyde (Harington and Barger, 1927] (5 g.), 
acetylglycine (1*22 g.) and freshly fused sodium acetate (5 g.) was treated with 
freshly distilled acetic anhydride (15 ml.) and the whole was heated for 3 hours 
on the steam -bath. After cooling the mixture was triturated with water and the 
yellow solid collected, washed with water and dried. Yield 6*0 g. Recrystallised 
from glacial acetic acid it formed yellow needles, m.p. 227° (decomp.). (Found: 
1, 46*2 %; CigHigO^NIg requires I, 45*3 %.) 

3:5‘Diiodo-4-(4'-7nethoxyphenoxy)phcnylpyrm)ic acid. The above azlactone 
(9*5 g.) was boiled under reflux for an hour with 30 % aqueous potassium 
hydroxide (50 ml.). After keeping overnight the somewhat sticky potassium 
salt was collected and dissolved in wati'r; this solution was saturated with 
sulphur dioxide as was also the alkaline mother liquor. The two solids thus 
obtained were collected together, thoroughly washed with ether and dissolved in 
boiling water (300-400 ml.) with the aid of sodium carbonate; the solution 
whilst still hot was acidified to Congo red with hydrochloric acid ; after cooling 
the acid was extracted with etheT and the ethereal extract dried over sodium 
sulphate and evaporated. The residue was crystallised from glacial acetic acid 
from which it separated in needles, m.p. 205° (decomp.). (Foimd: I, 46*9 %; 
C10H12O5T2 requires 1, 47*2 %.) 

0*0877 g. required 1*65 ml. 0*1 N NaOH for neutralisation to phenolphthalein ; 
whence mol. wt.== 531*5; calc. mol. wt. = 536. 

The acid gave a dark green colour with ferric chloride in alcoholic solution. 

3:5-Diiodo-4-(4'-hydroxyphenoxy)phenylpyruvic acid. The demethylation of 
the acid just described offered some difficulty owing to the destructive effect of 
the demethylating reagent on the keto-acid grouping; success was finally 
attained by reducing the duration of the reaction to a minimum as follows. 'The 
methoxyketo-acid (2*2 g.) was dissolved in 24 ml. of a mixture of equal parts of 
hydriodic acid (sp. gr. 1*7) and glacial acetic acid; the solution was boiled for 
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6 min., cooled and diluted to about 100 ml. with water. Free iodine was removed 
by addition of a little sodium thiosulphate and the solution was extracted five 
times with ether; the combined ethereal extracts were evaporated without 
drying and the residue treated with water and a little thiosulphate. The sticky 
precipitate which separated became partly crystalline on keeping overnight : it 
was collected, washed with a very little 30 % acetic acid and dried. Yield 1*32 g. 

Aftt^r several recrystallisatioiis from 30 % acetic acid, in which it is easily 
soluble in the heat, the acid formed colourless plates, m.p. 156° after sintering. 
(Found: I, 48*3 %; CjgHiQOgJg requires I, 48*5 %.) 

3:5-Diiodo-4~(3':5'‘diiofl()-4'-hydroxyphenoxyyphenylpyruvic acid. The hy- 
droxyphenoxyketo-acid (0*105 g.) wa.s dissolved in a mixture of purified methyl 
alcohol (1 ml.) and concentrated aqueous ammonia (sp. gr. 0*880; 1 ml.). The 
solution was cooled in ice and treated, drop by drop with shaking, with the 
theoreti(jal amount of concentrated solution of iodine in potassium iodide 
(0*286 ml. of 2-SN ) ; the uptake of iodine was rapid at first but became sluggish 
afk^r about half had been added. After all the iodine had been introduced the solu- 
tion was kept for some tirne^ in ice until the colour had faded to yellowish -brown ; 
it was then diluted with water, treated with a drop of bisulphite solution and 
a(‘idificd. Th(' precipitate was collected, washed and dissolved in boiling water 
with the aid of the minimum of sodium carbonate; the sodium salt which separ- 
ated on cooling was collected and decomposed by solution in hot water followed 
by acidification ; the precipitated acid was finally collected and purified by two 
(jrystallisations from aceti<j acid slightly diluted with water, it formed colourless 
prisms, m.f. 173°, and gave an intense reaction with nitrous a(‘id and ammonia. 
(Found: I, 65*0 %, Ci 5 Hg 05 l 4 requires 1, 65*3 %). The yield was poor. 

Metabolic effect of the kelo-acid. 

The keto-aeid was tested for its effect on the metabolism of an adult female 
dog living on a constant maintenance diet, the conditions of the experiments 
being similar to those described by Canzanelli and Raj)port 1 1933], except that 
the material was administered subcutaneously. The results of two such experi- 
ments are shown graphically in Fig. 1 in comparison with the effect on the same 
animal of a dose of thyroxine. The relative magnitudes of the effects are calculated 
from the areas enclosed between the respective curves and the line representing 
the basal metabolic rate of the dog, and it will be seen that the activities of 
thyroxine and the keto-acid stand in the ratio of 11 : 3. 

Summary. 

The ketonio acid analogous with thyroxine has been synthesised and shown to 
possess the characteristic physiological activity of the latter compound in lower 
degree ; the ratio of the activities of thyroxine and of the keto-acid is about 11:3. 
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CXCVII. METABOLISM OF AMINO-ACIDS. 

III. DEAMINATION OF AMINO-ACIDS. 

By HANS ADOLF KREBS. 

From fM Biochemical Laboratory, Cambridge. 

(Received May 30th, 1935.) 

Neubauek [1909; 1928] and Knoop [1925] showed that the deamination of 
a-amino-aoids in the mammalian body is accompanied by the oxidation of the 
a-C-atom according to the equation 

+ JOj --^K.CO.COOH -j-NHa. (1) 

amino-arid oxygen keto-aeid ammonia 

In previous experiments [Krebs, 1933, 1] 1 have shown that reaction (1) can be 
conveniently investigated in slices of fresh kidney and livtT. It was found that 
both optical isomerides of the amino-acids are deamiiiated. In many oases the 
a-amino-acids which do not occur naturally — belonging to the f/-seri(‘s— are 
dcammated much more rapidly than the “natural'' isomerides. 

In this paper it will be shown that the enzymic system catalysing the deami- 
nation of the natural amino-acids is different from the sysUuu catalysing the 
deamination of the non-natural optical isomerides. Kidney and liver contain (at 
least) two different enzymic systems responsible for reaction (1). The two 
systems differ in many ways. The system deaminating the natural amino-acids is 
destroyed by drying the tissue; it cannot be extracted: it is inhibited by octyl 
alcohol and by cyanide. The system deaminating the non-natural amino-acids is 
not destroyed by drying; it is readily soluble in water and can be extracted from 
fresh or dried tissue by aqueous solutions ; it is not affected by octyl alcohol or by 
cyanide. 

I. Nomenclatitre. 

The iiomenclatun^ used here for the optical isomerides is that introdiujed by 
Fischer 11908] and Wohl and Freudenberg [1923], The amino-acids belonging to 
the “natural” series are designated “ Z-amino-acids ” on account of their spatial 
configuration, and members of the “non-natural” series are designated “rf- 
amino-acids”. The direction of the actual rotation is indicated by ( + ) or ( — ). 

The system deaminating members of the Z-series is called “ Z-amino-acid 
deaminase” and that deaminating members of the d-series is called “d-amino- 
acid deaminase; ”. 

No evidence exists showing the occurrence of more than one d-amino-acid 
deaminas(L All d-a-amino-acids seem to be attacked by the same system. But it 
is possible that more than one Z-amino-acid deaminase exists. 

11. Methods, 

The rate of reaction (1) can be measured by determining either the rate of 
oxygen uptake or the rate of formation of either keto-acid or ammonia. Only 
certain preparations of the d-amino-acid deaminase however show the strictly 
stoichiometric proportion expected from equation (1) (see Table VI). In tissue 

( 1620 ) 
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slices, which are necessary for the investigation of the Z-amino-acid deaminase, 
other reactions interfere in which oxygen is absorbed and keto-acids are used up 
or ammonia is either produced or used up. It is impossible to separate the 
Z-amino-acid deaminase from these interfering reactions, and therefore the true 
rate of reaction cannot be measured. The best approximation is obtained by 
measuring the rate of formation of ammonia, because the ammonia formation 
and consumption by other reactions is generally small. The rate of ammonia 
formation after the addition of amino-acid, corrected for the ammonia produced 
in the absence of amino-acid, givers a measure of the minimum rate of deamina- 
tion. On the other hand, the oxygen uptake gives the maximum value. Both 
values have usually been determined but, when the rate of deamination of Z- 
amino-acids is mentioned in this paper, it always refers to the rate of ammonia 
production . 

in the case of the d-amino-acid deaminase, whore equation (1) is usually 
fulfilled, the oxygen uptake was generally measured manometrically so that the 
whol(‘ course of the reaction could be followed. 

The tissue} sli(‘e technique and the manoinetri(‘ method have beem sufficiently 
described before [Warburg, 1926]. Open manometers and conical flasks with 
side-bulbs and inner (*ups wei‘(‘ used. The tissue was suspended in phosphate 
saline [Krebs, 1933, 1] unle.ss otherwise 8tate<l. Substrates were neutralised 
before btdng added. Th(} gas space was filled with oxygen; the inner cup contained 
0*3 nd. N NaOH and filter-paper, according to the technique of Dixon and Elliott 
[1930]. 

Ammonia was determined by the method of Parnas et a1, [1924; 1926; 1934], 
The amount of ammonia measured was between 0*01 and 0*1 mg. To make 
alkaline, 3 ml. of a solution of borax -carbonate were used (50 g. Na. 2 B 407 , 10 H20-f 
10 g. (anhydrous) 4" 1 ml. 0*1 % thymolphthalein per litre). The solution 

should be faintly blue 9*5). Under these conditions, the distillation was 
always complete} if 20 ml. of distillate were collected. The distillate was nessler- 
ised and compared with a standard solution. All the reagents used in experiments 
on ammonia metabolism were testc'd regularly to see if they were ammonia-free. 

The amount of ammonia is express(?d as /u.1. in order to simplify direct com- 
parison with oxygen consumption (17 mg. NH 3 = 22,400pl.). The symbols 

reaction and mean • 


III. ExISTEJSCE of two UEAMlNATIJSia SYSTEMS. 

Accoi'ding to Table I, some members of the eZ-series are deaminat-ed by kidney 
slices much more rapidly than are the corresponding members of the Z-series. 


Table I. Deamination of d- and l-x-amino-acids by rat kidney slices. 


[From Krebs, Z, phifsiol. Ohem. (1933), 216, 204, Tables 5 and 0.] The ammonia formation 
without amino-aeid has been subtracted and therefore repi'cscnta the ammonia foriuation 
from the amino *acid. The experimental details are given in tlie paper quoted. 


^series 


(/-series 


( 

Amino-acid 
/( -h )Alamne 
Z( 4 )Valino 

S - )Leucine 
+ )Giutamic acid 
Z( - )Aspartic acid 


'•’“"-x t ^ 


Qnbz 

Amino-acid 

^NHs 

2*03 

d{ - )Alanine 

36*5 

2*53 

d( - ) Valine 

56*5 

6*35 

d( 4- )Loucine 

33*6 

7*73 

d{ 4 )Phenylalanme 

75*7 

13*9 

d{ -t )Aspartic acid 

1*26 
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The existence of two diflferent deaminating systems is shown by the fact that 
the deamination of ^amino-acids is inhibited by conditions which do not aflFect 
the deamination of (^-amino-acids. 

(1) Separation by octyl alcohol. The substrate used for the d-amino-acid 
deaminase was d( — )valine. The l( -f )valine is only slowly deaminated so that it 
is not suitable for accurate measurements of the activity of the Z-amino-acid 
deaminase. Z( — ) Aspartic acid is the most suitable substrate for this purpose 
because it shows the highest rate of deamination in the Z-series. The rate of 
ammonia formation was estimated as a measure of the rate of deamination. 
Saturation with octyl alcohol, as shown in Table II, completely inhibits the 
ammonia formation from /( — )a8part-ic acid. 

. Table II. Influence of octyl alcohol {O^Ol ml, in 2 ml, fluid) on the 
deamination of [{ — )aspartic acid and d( — )valine. 


(Slices of rat kidney cortex in 2 ml. phosphate saline, pu 7-4. 37°. 80 mins.) 




^02 



(corroct*e<i 
for blank) 

Substance added 
(final concentration) 

-241 

After 
addition 
of octyl 
alcohol 

- 0*5 

2-30 

After 
addition 
of octyl 
alcohol 

211 


After 
addition 
of octyl 
alcohol 

l{ - ) Aspartic acid M /20 

- 32-2 

- 0-5 

9*70 

2*22 

7-3 

0 

d{ - )Valine M/20 

-41-4 

-33 

59-2 

70 

568 

68 


In the absence of octyl alcohol, the rises from 2*39 to 9*70 after the addition 
of aspartic acid, but it remains unchanged in the presence of octyl alcohol. 
With d( — )valine, however, octyl alcohol does not depress the ammonia forma- 
tion. Parallel with the effect of octyl alcohol on the ammonia production is its 
effect on the oxygen uptake. The oxidation of Z( — ) aspartic acid is inhibited by 
octyl alcohol, but that of d( — )valine is not. 

(2) Separation by extraction. 1 g. (wet weight) of the rat kidney that was used 
in the octyl alcohol experiment was ground with sand in a mortar and extracted 
with 5 ml. of water. The extract was centrifuged and 0*5 ml. of the supernatant 
fluid was added to three different flasks containing 2 ml, of phosphate saline 
with (a) no amino-acid, (b) J//20 Z( — )aspartic acid, (c) if/20 rf( — )valme. The 
other conditions were the same as those given in Table II. The results are shown 
in Table III. 


Table III. Deamination of 1( — )aspartic acid and d( — )valine 
by kidney tissue extract. 


Substance added 
(final concentration) 

l{ - )Aspartic acid M/2i) 
d( ~~ ) Valine M/20 


Oxygen uptake in 
80 mins, (pi.) 

36 

37 
462 


Ammonia production 
in 80 mins, (pi.) 

34 

37 

030 


Grinding and extraction have the same effect as the addition of octyl alcohol, viz. 
complete inhibition of the Z-amino-acid deaminase and no inhibition of the 
d-amino-acid deaminase. By extraction, or by the addition of octyl alcohol, the 
action of the d-amino-acid deaminase is separated from the action of the Z-amino- 
acid deaminase. We have thus the possibility of investigating d-amino-acid 
deaminase free from Z-amino-acid deaminase. The Z-amino-acid deaminase, on the 
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other hand, cannot be separated from the d-amino-acid deaminase, but it can be 
investigated separately if ‘'natural'* amino-a(3id8 are added to kidney or liver 
slices. In this case, the presence of the d-amino-acid deaminase does not inter- 
fere, owing to the absencie of substrate. 

In the following sections, the properties of the d- and ^-deaminases will be 
described and their interrelations discussed. 

IV. The properties of the d-AMiNo-AciD deaminase. 

(1) Dry enzyme preparation. Pig kidney cortex is minced in a “Latapie" 
mincer within one hour after death. To the minced tissue, 5 vols. of acetone are 
added. The mixture is thoroughly stirred for 5 mins, and then filtered through a 
Buchner funnel. The precipitate is dri(»d in a vacuum desiccator over sulphuric 
acid or phosphorus pentoxide. The dry material is pounded in a mortar. If the 
powder is kept dry and cool, the activity remains fairly constant for several 
weeks. After 2 months there was 20-30 % loss in activity. 

2 g. of dry powder were shaken for 10 mins, with 80 ml. of water. After being 
shaken, the fluid was centrifuged. When 2 ml. of the supernatant ycdlowish 
fluid (containing 6'2 mg. dry material) were shaken with 0*2 ml. of phosphate 
buffer (pjj 7 ‘4) at 37° in an atmosphere of oxygen, no oxygen was taken up. 
When 0*1 ml. of 10 % d/-alanine was added, 29 pX. of oxygen were taken up in 
10 mins, and 59-5 pX. in 20 mins. 

The activity was not increased by prolonged extra<;tion. Extraction with 
iff /1 50 sodium bicarbonate or with 3f/ 150 KH2PO4 gave about the same yield as 
extraction with water. The insoluble residue was not inactive. When the residue 
was extracted a second time with 80 ml. of water, an enzyme solution was 
obtained with about half the activity of the first extract. After 3 or 4 extractions, 
the insoluble residue was completely inactive. Thus the d-aniino-acid deaminase 
is water-soluble. 

If slices of kidney cortex are shaken in saline in the presence of oxygen, only 
small amounts of d- amino- acid deaminase pass into the solution. In the absence 
of oxygen however considerable amounts of the enzyme appear in the solution 
[Krebs, 1933, 1]. The cells disintegrate more rapidly anaerobically than aerobic- 
ally and the enzyme can only diffuse out into the solution when the cells are 
disintegrated. 

It is surprising that, although extracting the powder for more than 10 mins, 
does not increase the activity of the extract, a second extraction for 10 mins, 
yields a considerable amount of enzyme. This behaviour seems to be due to the 
fact that, when the extraction is prolonged, inhibiting substances are extracted 
simultaneously with the enzyme, as shown in the next paragraph. 

(2) Inhibition by tissue substances. In the previous paper [Krebs, 1933, 1], it 
was shown that the activity of fresh kidney extracts quickly diminishes: at 
37*5°, 30-50 % of the activity was destro^^^ed after 1 hour. Similar observa- 
tions were made when the dry powder was shaken with amino-acid solution 
(Table IV and Fig. 1). However, when the powder was extracted for 10 mins, 
and the extract mixed with amino-acid solution, the activity fell off much more 
slowly. The stability of the enzyme solution is greater if the insoluble material is 
removed after brief extraction. The loss of activity is not due to primary in- 
stability of the enzyme but to the action of inhibiting substances produced or 
given off by the tissue material. 

The existence of inhibitors can also be demonstrated by diluting the extract 
(Table IV). The activity of the enzyme is not proportional to the concentration. 
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Diluted extracts are relatively more active and also the stability of the enzyme 
increases with dilution. In the example given in Table IV, the loss of activity in 
the second 40 mins, is 42 % in the undiluted extract^ and only 15 % in the twice 
diluted extract. 

A direct proof of the presence of inhibiting sxibstancos is the inhibition of the 
enzyme which is observed after the addition of certain tissue extracts. Extracts 
of rabbit kidney arc especially rich in inhibiting substances. 1 ml. of a freshly 
prepared rabbit kidney extract (1 part of tissue extracted with 40 parts of water) 
added to 2 ml. of an enzyme preparation from pig kidn(\y (1 part of acetone- 
dried tissue extracted with 100 parts of water) caused an inhibition of 50 % 
immediately after the addition, and 80 % after 30 mins. (Table V). Rabbit kidney 
extract boiled for 10 mins, in a water- bath has no inhibiting power. 

A specific inhibition of the enzyme in the intact cell may perhaps account for the results of 
Abderhalden and Tetzner [1935] who found that rats excrete d( - )alanine unc hanged. 

Table IV. Oxidation of dl^alanine in pig kidney. 

Cennparison of dried powder with extracts from dried powder. 

Extracting fluid M(\0 phosphate buffer, pn 7-4. 

Time of extra(!tion 10 mins. J)f/30 dZ-alanine. 37-5‘\ 

Oxygen uptake (/aI.) 


Enzyme preparation 

10 mins. 

20 mins. 

40 mins. 

00 miri.s. 

80 mins. 

100 mins. 

50 mg, a<*/etone-dried powder 

51 

91-5 

151 

187 

209 

222 

+ 3 ml, phosphate buffer 







3 ml. extract (eorre8|Kjnding 

03 

118 

210 

282 

332 

304 

to 50 mg. dry powder) 







1*5 ml. extract (as above) 

30 

07 

129 

184 

230 

271 


H 1 *5 ml. phosphate buffer 

Table V. Inhibition of d~amino~a4^id deaminase by rabbit kidney extract. 

* Total volume of experimental fluid 3-5 ml. Jf/30 ciZ-alanine. 

M/5() veronal buffer, pn 8*5. 37'5”. Og. 

Oxygen uptake (g,l.) 

Enzyme solution 10 mins. 20 mins. 30 mins. 40 mins. 

2 ml. pig kidney extract 48 87 119 143 

1 ml. rabbit kidney extract 0 12 3 

2 ml. pig kidney extract 24 41 54 58*5 

I ml. rabbit kidnc'y extract 

The following substances, if added, do not affect the oxidation of dZ* alanine in extracts of dry 
powder: pyruvate (3i/100), ammonium chloride (if/iOO), Z( 4 )alaninc (J!lf/50), d( - )ghitamate 
(Af/100), Z( I- )glutaniate. 

(3) Eaiio ammemia formation /oxygen uptake. According to equation (1), 
2 mols. of ammonia should be formed when 1 mol. of oxygen is taken up. In 
order to measure this ratio, conical flasks with two side-bulbs were used [Cromer, 
1929], The main compartment of the flask contained the buffered enzyme solu- 
tion, side-bulb a contained 0*1 ml. of di-alanine (Jf), side-bulb 6 0‘1 mi. of 10 % 
sulphuric acid. The alanine was added to the enzyme after equilibration and 
after a reading had been taken ; the oxygen uptake was then measured over a 
certain period. ImmediattJy after the last reading, the acid was mixed with the 
enzyme in order to stop the reaction. The flask was cooled in ice and the ammonia 
was de^rmined. Blanks without alanine were done in each experiment. The 
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blank values for oxygcjn and ammonia were very small in most enz3m[ie prepara- 
tions and amounted to only a small percentage of the experimental figures, 

A number of results are given in Table VI. The figunis are coirected for the 
blank. In many enzyme pr(*parations, the ratio is equal to the theoretical value 
within the limits of error, lii certain preparations liowever less ammonia is 
formed than would be expected from the oxygen uptake. In trout kidney, for 
instance, the ratio is nearly 1:1. Prof. Keilin tells me that he has found that the 
oxidation of amino-acids under the action of amino-acid deaminase can be 
coupled with the oxidation of other substances, siurh as ethyl alcohol. If a suitable 
substrate is present, an (^quipaT•tition of oxygen between amino-acid and the 



1. Oxidation of ///-alanine in pi" kidney. Comparison of dried po\^der and extracts from 
dried powder, • — • In presence of powder; ■ extract from powdei, insohiblc residue 
fdtered off; 4 — 4 extrac't from pow'dor. diluted tw’iee. 

Fig. 2. Effect of the concentration of //( - )vaUnc on the rate of deamination. 

Table VI. Ratio mmiionia Jormaiionj oxygen uptake under various conditions, 

.V/30 f/Z-aiauino (final concent ration). 2 0 nil. onz vine solution. J nil. buffer. 37”)°. Og. 


Enzyme material 
Pig kidney, acetone pieparatioii 


Pig kidney, minced, frcsli 

„ (exU'act kept on ice 
for 24 hours) 

Kat kidney, minced, fre.sh 
Cat liver, minced, fresh 
Oat kidney, minced, fresh 
Guinea-pig kidney, minced, fresh 
Pig kidney, minced, fresh 
Trout kidney, minced, fresh 
Trout liver, minced, fresh 
Frog {Uana eseuUnta) kidney, 
minced, fresh 

Frog {Rana escuUenta) liver, 
mincod, fresh 

Pigeon kidney, minced, fresh 
Pigeon liver, minced, fresh 
Newt (Triton <mstatus) liver, 
minced, fresh 

Tortoise (Testudo graeca) liver, 
minced, fresh 

Tortoise kidney, minced, fresh 


Parts 
of HjO 
useil for 
extraction 

Buffer 

(final concentration) 

Ph 

80 

Phosphate il//3f) ’ 

7-4 

80 

Veronal .U/100 
V<*ronal J//100 

8-5 

UK) 

8-5 

80 

Bicarbonate M/lOO 

8-0 

JO 

Phosphate A//30 

74 

10 

Phosphate Af/SiJ 

7-4 

20 

Pho-sphate A//tM) 

7-4 

5 

Bicarbonate M/25 

8-5 

5 

Bicarbonate .M/25 

8*5 

5 

l^hospliate il//30 

7-4 

5 

Veronal M/lOO 

8-5 

15 

Phosphate JU/30 

7-4 

(> 

Pho.sphaU> M/30 

7 1 

10 

Bicarbonate A// 100 

8 0 

3 

Bicarbonate M/lOO 

8-0 

10 

Bicarbonate M/ltX) 

8-0 

4 

Bicarbonate M/KX) 

8-0 

20 

"Phosphate M/100 

7'4 

5 

Phosphate M/100 

7*4 

10 

Phosphate M/100 

7-4 


Time 

0* 

yn, 


m 

absorbed 

foiiTW'd 

Katio 

rnin.s. 

(/d.) 

(/al.) 

o/,yn, 

30 

134 

270 

l;2-06 

30 

200 

515 

1:1*98 

40 

211 

422 

1:2*00 

30 

328 

038 

1:1*05 

40 

240 

601 

]:2'0-l 

30 

78 

154 5 

1:1*98 

40 

80 

172 

1:2*00 

00 

39-2 

77’8 

1:1*99 

00 

154 

274 

1;U78 

00 

47 

84 

1:1*77 

45 

M2 

251 

1:1 79 

-10 

87 

79 

1:()*9J 

40 

170 

298 

1:1*75 

IK) 

257 

493 

1:1*92 

00 

53 

55 

hi*04 

35 

82 

101'5 

1:1*24 

35 

170 

298 

1:1*75 

60 

47 

80 

1:1*70 

40 

68 

79 

1:1*16 

00 

26 

40 

1:1-77 
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other substrate takes place. The ratio ammonia formation/oxygen uptake is thus 
reduced from 2 to 1. Most enzyme preparations lack a suitable substrate for the 
coupled reaction oi* lack the catalyst necessary for the coupling. The ratio 
ammonia formation/oxygen uptake is in these cases that expected from equation 
(1). If substrate and catalyst are present, the ratio decreases. Keto-acids are 
not oxidised by any of the enzyme preparations ti\sted and therefore the decrease 
in the ratio cannot be due to an oxidation of the amino-acid beyond the stage of 
the keto-acid. 

(4) Influence of substrate concentration. 1 g. of acetone-dried pig kidney was 
extracted with 20 ml. of water by shaking for 10 mins. To 1 ml. of the super- 
natant fluid, 1 ml. of phosphate buffer (pjj 7-4, MjlO) and 1 ml. of — )va]ine in 
various concentrations were added. The oxygen uptake was measured mano- 
metrically. Oxygen pressure 1 atmosphere. 37*5^. The results are given in 
Table VII and Fig. 2. 

Table VII. Influence of the d( — concentration on the rate of oxidation. 

Concentration of - )valine Oxygen uptake in 20 mins. 

(mola. per litre) (/il.) 

0083 47-4 

0025 48-4 

0'0083 38-5 

0-0025 25-0 

The maximum rate is roa(^hed when the concentration of the substrate is 
about 0*2 Tif. Half the maximum ratt' occurs at the concentration 0*(l023f. 

(5) Influence of the oxygen pressure. 1 g. of acetone-dried ])ig kidney was 
extracted with 20 ml. of water. To 2 ml. of the extract, 0-1 ml. of dZ-alanine 
(M) and 0-2 ml. of phosphate buffer (ilf/lO, jOjj 7-4) were adde<l. The oxygen 
uptake in air (37-5*^) was 52-9 /xl. after 30 mins., 99*4 /xl. after 60 mins. In oxygen 
at 1 atmosphere pressure, the oxygen uptake was 59-1/xl. after 30 mins., 
112-0 )lx 1. after 60 mins. Thus the increase of oxygen pressure from 0-21 atm. to 
1 atm. increases the rate of oxidation by 11 %. Th(? shaking was so fast that 
further incTcase of its speed did not influence the results. 

(6) Influence of inorganic salts. J//10 sodium chloride inhibits the activity of 
an aqueous enzyme solution by about 25 %, M sodium chloride by H5 %. 
Stronger concjcntrations of neutral salts or buffers should therefore be avoided in 
the investigation of the d-amino-acid deaminase. 

(7) optimum. The p^^ curve of the d-amino-acid deaminase shows a rather 
sharp optimum n(*.ar p^ 8*8 (Table VIII, Figs. 3 and 4). In alkaline solutions the 
activity of the enzyme diminishes rapidly, whereas near the neutral point the 
activity remains fairly constant for a considerable period. dZ- Alanine and dZ- 
asparti(? acid give similar curves witli the same maximum. Sparingly soluble 
amino-acids such as cystine or tyrosine are only slowly oxidised at p^ 7*4, but 
undergo rapid oxklation at 8*5 where the solubility is markedly greater. 

(8) Influence of cyanide. MjlO cyanide has no influence on the oxidation of 
alanine by the d-ainino-acid deaminase (p^ 7*4; concentration of dZ-alanine M 
or lf/100). 

(9) 7 nfluence of narcotics. Octyl alcohol in saturated solution does not inhibit 
the d-amino-acid deaminase as shown in Table II. Chloroform and toluene are 
likevdse without action. 

(10) Reduction of methylene blue. Bernheim and Bernheim [1934; 1935] have 
shown that amino-acids added to kidney extrac^ts reduce methylene blue ; they 
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Table VIII. optimum of the oxidation of dX-alanine and of dl-aapartic 
acid in presence of d-amirvo-acid deaminase. 

(a) dl-alanine: each flask contained 2 ml. of enzyme solution (1 g. pig kidney acetone-dried 
powder extracted with 40 ml. of water), 1 ml. of buffer and 0*1 ml. d^alanine (M). 37“^. Og. 

Oxygen uptake (fil.) 


Buffer added 

Ph 

10 mins. 

20 mins. 

Carbonate- bicarb . ( iff /5 ) 

>» 

10*8 

-2*5 

4 

9*8 

70 

111 


8*8 

no 

203 

Phosphate (iff/ 10) 

7*4 

40 

78 

*> 

0*8 

19 

38 


(b) f//-aspartic acid; each flask contains 2 ml. enzyme solution, 0*.5 ml. of M/o t/Z-aspartic acid 
(neutralised) and 1 ml. of buffer. Other conditions as above. 




Oxygen 

uptake (/Ltl.) 

Buffer 

Ph 

r 

29 mins. 

40 mins. 

Carbonatc-bicarb. (iff/5) 

10*8 

Hi 

30*5 

»» 

9*8 

38 

72 

Veronal (Af/10) 

9*4 

49 

99 

99 

8*4 

50 

100 


7*4 

29 

58 

99 

0*3 

8 

15 



Pn 



Pn 


Fig. 3. Ph curve of the d-aniino-acid 
deaminase. Substrate dZ-alanine. 


Fig. 4. Pn f'ni've of the d-amino-acid 
deaminase. {Substrate dZ-aspartic acid. 


found that dZ-leucine reduces methylene blue faster than d/-alanine. With dU 
alanine I find no change in the reduction time as compared with the blank. With 
<iMeucine however a reduction of methylene blue was observed, in accordance 
with the observation of Bemheim and Bern? eim, and ammonia was formed. As 
enzyme material, an aqueous extract (50 parts of water) of acetone-dried pig 
kidney (1 part) was used. The enzyme solution and buffer were measured into the 
main compartment of a conical Warburg flask. The methylene blue (0* 1-0*2 ml.) 
and amino-acid solutions were placed in the side-bulb. The inner cup contained 
Fieser's [1924] solution for absorbing contaminating oxygen. The gas 

space was filled with nitrogen. After equilibration for 20 mins., the amino-acid 
and methylene blue were tipped on to the enzyme. The meniscus of the mano- 
meter did not change in the following period, showing that no gas was taken up. 
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This excludes the possibility that the ammonia found was due to the action of 
contaminating oxygen. A high concentration of methylene blue was used (1 or 
2 mg. in each flask). Thus the total amount of ammonia was large enough for 
accurate determination. The results of the experiment arc given in Table IX. 


Table IX. Reduction of methyhne blue by dl4f/acme. 

37 ‘5”. Details in text. 



Amount of 



State of 



methylene 

Final 

Time 

methylene 

NH 3 


blue added 

ooncii. of 

in 

blue at 

formed 

Enzyme solution, buffer, 

(millimols.) 

r/Meueine 

mins. 

the end 

(mD 

(4 ml. kidney extract; 1 ml. 

1 MjlO phosphate buffer; 7*4 

2-75 X lO-s 

0 

no 

Almost 

unchanged 

30-5 

1 •• •• 

2-75 X 10-a 

M/80 

HO 

Completely 

colourless 

69 

/o ml. kidney extract; 1 ml. 

MjlO phosphate buffer; 7 4 

5-5 X 10-» 

0 

130 

Almost 

unchanged 

41 

»» »» 

5*5 X 

M/160 

130 

CNmipletely 

colourless 

114 

5 ml. kidney extract; 0-3 ml. 

MjlO veronal buffer; ^‘*^ 

5*5 X 10-3 

0 

90 

Almost 

unchanged 

41 

>> »» 

5-5 / 10-3 

M/160 

90 

Completely 

colourless 

H2 


The experiments show that in reaction (1) molecular oxygcm can b(‘ replac(‘d, 
in certain cases, by methylene blue. The rate of reac.tion in the case of leucine is 
about 50 times slower with methylene blue than with molecular oxygen. The 
difference is still greater witli other amino-acids. 

The ammonia formed amounts only to about half the quantity calculated for 
the amount of methylene blue reduced. This may be explained by partial re- 
duction of methylene blu(? by keto-acids or r)ther substances present in the 
enzy m e prepara ti on s . 

(11) Occurrence in different tissues. The d-amino-acid deaminase occurs in the 
liver and kidney of all the vertebrates investigated (Tables VI, X). Intestinal 
wall, spleen, muscle, brain, testis, placenta, chorion, retina, salivary glands, 
pancreas and heart of the rat do not contain measurable amounts of the enzyme. 
According to Table X, kidney is about 4 times as active as liver. Acetone-dried 


Table X. d-Amino~acid deamhmse in liver and kidney. 


Material 


Pig liver 
Pig kidney 
Sheep liver 
Sheep kidney 




en uptake after addition 
dZ-alanine in 20 rains. 


Og 

(/^l.) 


9 

36 

39 

152 


powder of liver and kidney cortex, prepared as described, were extracted with 
50 parts of water for 10 mins. To'2 ml. of the supernatant fluid, 0*2 of phosphate 
buffer (if/10, 7*4) and 0*1 ml. of dZ-alanire (if) were added and the results 

given in Table IX were obtained. In the example given, sheep tissues were about 
4 times as active as pig tissue but this is not a regular difference. The activities 
of sheep and pig tissue are, on the average, of Ihe same order of magnitude. 
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(12) Final value of oxygen uptake. In most preparations the oxygen uptake in 
the presence of (^?-alanine corresponds exactly to the theoretical amount calcu- 
lated on the assumption that only one optical component is oxidised according to 
equation (1). 4 mols. of ^/Z-alanine give rise to the uptake of 1 mol. of oxvgen 
(Table XI and Fig. 5). 


Table XT. Final value of oxygen uptake. 


l g.* of sheep kidney acetone-dried powder extracted with 12*5 ml. of water. The llask ('ontained 
2 ml. of enzyme solution and 0*2 ml. of phosphate buffer {M/IO, pji 7*4) m the main compartment 
and 0*20 ml. of di!-alanine (0*099 ilf) in the side-bulb. The alanine was added after equilibration. 
37*5'‘, (> 2 . Theoretical oxygen uptake 111 pi. 


Time after addition of 
alanine (mins.) 


Oxygen uptake 


f) 

10 

20 

40 

80 


52 

84 

104 

108 

108 



(13) Oxidised amino-acids. 1 g. of acetone-dried pig kidney was shaken for 
10 mins, with 40 ml. of water. 2 ml. of extract (containing 6*8 mg. of dry 
material), 0-2 ml. of M NaHCOj and 0*3 ml. of amino-acid solution (MjZ in the 
case of the rii-compoiinds, Jf/6 in the case of the d-compound) were placed in a 
manometric flask. If the amino-acid were sparingly soluble, the equivalent 
amount was added as powder. The p^i was 8*6 (colorimetrically). The oxygen up- 
take was measured at 37-5*^ in oxygen. The inner cup of the flask contained 0*3 ml. 
of 2N NaOH and filter-paper. Table XII shows the amino-acids which are 
deaminated in the presence of d-amino-acid deaminase and the rate of oxidation. 
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Table XII. Rate of oxidation of various amino-acids in the 
presence of d-amino-acid deaminase. 

For experimental conditions seo text. B.D.H, = British Drug Houses. 

H.L.R. = Hoffmami'La Roche. K.L. = Frankel and Landau, Berlin- Oberschonweide. 



Oxygen uptake 
(/il-) in 


Amino -acid 

/■ 

10 mins. 

20 mins. 

r*reparation of amino-acid U8e<i 

£?L Alanine 

72 

138 

B.D.H. 

di-ot-Aminobutyric acid 

29 

55 

F.L. 

dl-TwrValine 

25 

53 

F.L. 

d{ - ) Valine 

59 

106 

H.L.R. 

(//-norLeucine 

62-5 

121 

F.L. 

d^-Leucine 

27-5 

55 

F.L. 

d-t>oIjOucino 

93 

176 

H.L.R. 

d/-a-Aminocaprylic acid 

4-6 

11 

F.L. 

dl -Serine 

4,3 

78 

H.L.R. 

di-a-Phonyl-a-amino- 
acetic acid 

18-5 

35*5 

F.L. 

d{ - ) Phenylalanine 

87 

143 

H.L.R. 

dLTyroaine 

27 

51 

Prepared by Dr N. W. Pirie 

d/ -Tryptophan 

9-5 

19 

Prepared according to du 
Vigneaucl et al. [1932, 1,2] 

d{ + )Histidine 

7 

16-5 

H.L.R. 

d/- Aspartic acid 

8*6 

15 

F.L. 

<il-Glutamic acid 

3 

5 

Prepared according to Abdcr- 
halden and Kautsoh [1910] 

di-j^-Hydroxyglutamie acid 

0 

0 

(lift from Prof. C. R. Harington 
[Hanngton and Randall, 1931] 

d/-ot- Amino- j3-y-dihydroxy- 
butyric acid 

3-5 

9 

Gift from Prof. H. 0. L. Fischer 
[P'ischcr and Feldnmnn, 1932J 

d^-Argininc 

24 

41 

Prepared after Bcrgmann and 
Kbster 1 1926] 

dZ-Cystine 

34 

54 

Prepared by Dr J^irie 

dZ-Methioninc 

139 

269 

Prepared by Dr Pirie 

(/Z-*S'-Ethy Icysteine 

80-5 

131 

Prepared by Dr Pirie [see Clarke 
and Inouye, 1931] 


No or ii/-a-amino-aci(i has been found — ^with the exception of di-/S-hydroxy- 
glutamic acid — ^which is not attacked by the enzyme. The velocity of the 
oxidation varies with the chemical structure. Some sulphur-containing amino- 
acids (d^methionine, dJ-^-ethylcysteine) show the highest rate of oxidation. 
The simple a-amino-acida (alanine, valine, leucine) follow next. The oxidation of 
dU or d( — )glutamic acid is slow. d{ — )Ornithinc and d( — )ly8ine have not yet 
been examined. None of the amino-acids of the ^-series is oxidised. Inactive 
glycine is not attacked, whereas phenylglycine, which has an asymmetric 
C-atom, is oxidised. Amino-acids in which the amino-group is not in the 
a-position (/://-j3-alanine, dZ-jS-aminobutyric acid, dZ-c-amino-w-hexanoic acid) are 
not oxidised, nor are the dipeptides, dZ-alanylglycine and cZZ-leucylglycine. 

The specificity of the enzyme may be used for the determination of the 
optical configuration of an amino-acid. It may also be used for resolving dZ- 
amino-acids and for preparing the Z-component, thus supplementing Ehrlich*s 
[1906; 1914; 1927] yeast method which yields the d-component. 

(14) Occurrence of d^amino^a>cids. It seems strange that an enzyme exists 
that deals specifically with non-natural substrates. But it may be pointed out 
that a-amino-acids of the d-series have been found occasionally in nature (for 
reference see Ehrlich [1914], v. Lippmann [1884], Frankel et at. [1923; 1924]). 
The enzyme described in this paper may be a helpful reagent for tracing 
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d-amino-acids. By adding kidney extract to a solution and measuring the 
oxygen uptake and ammonia formation, d-amino-acids can be detected in the 
solution. 

(15) Behaviour of the. d-arnino^acid deaminase in tissue slices. The experiments 
dealt with in the prec^eding paragraphs were carried out on enzyme preparations 
of tissue, i,e, aqueous extracts of dried or fresh tissue. When slices instead of 
extracts were used as enzyme material, certain properties of the system were 
found to be different. Unlike the extracted enzyme, the system in the intact cell 
is inhibited by cyanide and by oxidisable substances. 

(a) Inhibition by cyanide. The inhibition by cyanide of the d-amino-acid 
deaminase in slices is less than the inhibition of cell respiration. Under the same 
conditions, the respiration of kidney is inhibited 80 % by cyanide and 

90 % by 10“^ M cyanide. The oxidation of dZ-alanine is inhibited about 10 % and 
40 % by 10~^ and lO-^AT cyanide respectively (Table XIII). 

Table XIII. Inhibition of d-amino~acid deaminase 
by HON in tissue slices. 


Coiioentration of dl-aX&mne 0*053/. O^. 






Concen- 


0/ 

/o 



Temper- 

Time in 

tration 


inhibi- 

Tissue 

Medium 

ature 

mins. 

ofHCN.1/ 

(Jnhs 

tion 


Bicarbonate 

24“ 

70 

0 

3-24 



Sheep kitliiey - 

saline, 

24^^ 

70 

10-3 

302 

8 

5 % COa m Oj 

24“ 

70 

10-2 

203 

37 


I 

37*5“ 

70 

0 

26*6 


Rat kidney • 

1 

1 ** 

37-6“ 

70 

JO-3 

24*2 

9 

1 

37 5' 

70 

10-2 

15*4 

42 

1 

1 Phosphate saline 

37*5^ 

60 

0 

18*6 



Rat kidney ^ 

37-5“ 

60 


14*7 

21 

i :: 

37*5' 

60 

10-2 

8*1 

56 



20^ 

60 

0 

3*54 



Rat kidney • 


20" 

(•>0 

10-3 

3*38 

5 


20“ 

GO 

10-2 

2*37 

33 


Tho determination of ammonia in tho presence of cyanide requm^s special precautions because 
(‘yanide prevents the formation of tho yellow colour with Nessler’s reagent. If borate buffer is used 
for liberating ammonia, hydrocyanic acid is found in the distillate. In the presence of cyanide, 
therefore, stronger alkali must be used. When the amount of cyanide is 3 ml. of 3// ICO, 2 ml. of 
2N NaOH prevent the appearance of significant amounts of cyanide in the distillate. 

Similar differences in the inhibition of oxidations in intact cells and in 
extracts have been found before by Alt [1930] and by Warburg [1931]. 

In order to explain the fact that cyanide acts differently in slices and in 
extracts, I follow Warburg and Christian [1931 ; 1932] and assume that the 
mechanism of the oxidation of d/-alanine is different in slices and in extracts. In 
extracts, oxygen may react more or less directly with the activated substrate. In 
slices, oxygen may be prevented from reacting directly with the activated 
substrate and an activation of oxygon may be necessary ; this process is known to 
be inhibited by cyanide. The view that molecular oxygen docjs not react in the 
intact tissue in the same way as in the extract is supported by the finding of 
inhibiting substances in the tissue which prevent the reaction between oxygen 
and the amino-aoid (Section IV, 2). 
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(b) Inhibition by oxidisabh avhstances. The ammonia production from dU 
alanine (M/^0) is inhibited about 50 % by Jlf/25 dMactate (Table XIV). Both 
alanine and lactate (iause a large increase in oxygen uptake if added to kidney. 

Table XIV. Inhibition of ammonia production from dil-alanine by lactate. 

Rat kidney slices in phosphate saline. Ojj. 


bstrate a<lded (dual concentration) 

Temperature 





25^' 

-- 9-30 

MH 

Jf/75 dMactate 

25" 

-- 15-2 

0-95 

i//30 c?/-alanine 

Mjlb dMactatc + A//30 d/-alanine 

25" 

- 19*7 

8-00 

25‘^ 

-191 

3-72 



37*5 

-271 

300 

Af/75 fZMactate 

37*5 ' 

- 46-4 

2-05 

^11/30 rf/-alaninc 

37*5" 

- 73*5 . 

50-5 

M/lCy ^//-lactate +-il//30 ^//-alanine 

37*5^ 

-60*0 

25-2 



21 

- 5 00 

— 

Jif/100 di-lactate 

21^^ 

- 11-3 

0*34 

il//30 di-alamne 

21" 

- 10-4 

S14 

iW/lOO di-lactate + Ai/SO di-alanme 

2P' 

- 10-2 

5* 12 


If however the two substances are added together, no summation of the in- 
creasing effect on oxygen uptake is observed. The experiments carrieil out at 
25"^ or 21'" are especially convincing since at these temperatures diffusion is 
certainly not the limiting factor in respiration. The non-summation of the 
oxygen uptake suggests that the inhibition of ammonia production is due to the 
fact that, in the presence of lactate, oxygen is partly used for the oxidation of 
lactate, in other words lactatti and alanine compete for the activated oxygen. 
This would imply that the? activation of oxygen is, in its first step, identical for 
the oxidation of d-alanine and dMactate. This problem will be discussed fully in a 
latt?r section of this paper. 

V. The properties of the /-amijso-acid deaminase. 

(1) Ihstruction by drying, extraction or narcotics. Unlike the f/- amino -acid 
deaminase, the i^-enzyme is destroyed by drying or extracting the ground tissue 
(see Table Til) or by addition of octyl alcohol (see Table 11). The /-amino-acid 
deaminase is “ bound up with the structure of the living cell For the investiga- 
tion of the enzyme therefore tissue slices provide the most suitable material. In 
slices, the activity of the enzyme remains fairly constant for 2-3 hours. 

(2) Inhibition by cyanide. The inhibition of the i-amino-acid deaminase by 
cyanide is of the same order of magnitude as the inhibition of the cell respiration, 
(Table XV). 10“^ AT cyanide inhibits the ammonia formation from Z-aspartic 
acid by 89 %, 10 inhibits by 94 %. (KCN must be tested for freedom from 
ammonia which is often present in old solutions.) 

In experiments with cyanide, special precautions have to be observed if the 
inner cup of the manomotric flask contains alkali for the absorption of carbon 
dioxide. Alkali rapidly absorbs hydrocyanic acid. If the concentration of the 
cyanide is small (10*^3/), all the hydrocyanic acid distills over into the inner cup 
within a short period and no inhibition ensues. If the concentration of cyanide 
is high, errors arise because the pressure of the HCN gradually decreases owing to 
absorption. These errors can be avoided if the inner cup contains an alkali- 
cyanide mixture, in which the concentration of free HON is equal to the con- 
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centration -in the experimental fluid. In the presence of HCN therefore the 
following solutions were used ; 


Concentration of HCN 
in the ex jieri mental 
tluid (mol./litre) 
10-2 

10-4 

10-fi 


Absorbing solution in inner cup 


10 ml. 2N KCN + 01! ml. N KOH 
10 ml. N KCN + 1 ml. N KOH 
6 ml. N KCN + 5 ml. N KOH 
I ml. A KCN + 10 ml. N KOH 


The ooncentrations of free hydrocyanic acid in the absorbing fluid, calculated 
from the data of Walker [1889] ar(‘ roughly the same as in the experimental 
fluid. 

Table X\\ Inhibition of tho deximination of \-asparfic acid 
by hydrocyanic acid. 

Hat kidney cortex slices in phosphate saline (3 ml. in each llask). 37-5"^ Og. 





Inhibition 



Inhibition of the 

(Concentra- 



of oxygen 


Extra ammoma 

deamination of 

tion of 



uptake 


after addition of 

/( - )aspartic acid 

/( - )aspartic 

HCN 


by H(\N 


/( - )aspartic acid 

by HCN 

ackl 

M 

Qo, 

o, 

o 


per mg. and hour 

o, 

o 

0 

0 

19-2 

— 

1'4() 

— 

— 

M/T^ 

0 

277 

— 

8-38 

(i 98 

— 

0 

10-4 

~ 4-92 

77 

1-38 


— 

iif/r> 

10-1 

- 8*70 

()9 

2-43 

d-9r> 

89 

0 

io-=‘ 

- 2 03 

87 

102 

0 

— 

iW/r> 

1(1-3 

2-()8 

9U 

1 49 

0 17 

94 


(3) pjjr optimum cur re. In order to obtain different hydrogen ion concentra- 
tions," the ebneentrations of bicarbonate and fn?e c^arbon dioxide were varied in 
the medium (Table X\T). Tlu‘ deamination of /-aspartic acid shows an optimum 
(Pig. 0) at the physiological pjj (74). It falls off steeply towards the alkaline side, 
but slowly towards tlu^ acid side. At pyj 0*5, the deamination is still (>0 % of the 
maximum rate. Within the range* of pn occurring physiplogically, there is no 

Table XVI. Influence of pfj on th^ deamination of l( — )aspartic 
add in rat kidney cortex. 


Mediuin; isotonic .saline with varying concentrations of bicarbonate and carbon dioxide. The 
solutions were prepared by mi.xing l>i carbon ate -free saline with isotonic (O'lSoi/) sodium bi- 
carbonate. (knicentratiOTi of ?( - )aspartic acid 37*o' . Duration of experiment: 1 hour. 


Concentration of bi- 

0i55 

0- 1 55 

0-053 

0 02(> 

0-0078 

0-002() 

0-002t) 

0-00078 

carbonate (mol./litrc) 
Concentration of COg 

0 0005 

0-00 11 

0-001 1 

0-0011 

00(H1 

0-001 1 

0-0045 

0-(K)045 

(mol./litre) 
Concentration of 

2*5 

50 

5*0 

5-0 

5-0 

5-0 

20-0 

20-0 

COj (vols. % of 
gas mixture) 









Pu 

8-57 

8-28 

7*82 

7-40 

6-96 

6-49 

5-18 

5-36 

(1^ presence 

1-41 

2-44 

8*56 

14-1 

12-9 

8-8 

7-6 

4*72 

of aspartic acid) 

Qsn^ m the control in 

1*20 

1*32 

1*38 

1*47 

1-03 

1-31 

1-11 

1-68 

absence of aspartic 
acid 









Onhj (lu presence 

of aspartic acid, cor- 
rected for blank) 

015 

M2 

7*18 

12*6 

11-9 

7*5 

6-5 

3-0 
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considerable difference in the velocity of ammonia formation. If no substrate is 
added, the ammonia formation changes only slightly with (see also Patey and 
Holmes [1930]), 

The kidney excretes the more ammonia the more acid the urine or the smaller 
the concentration of bicarbonate in the blood [Hasselbalch, 1915]. Thus the 
excretion of ammonia does not run 
parallel with its formation from amino- 
acids. Prom the work of Nash and 
Benedict [1921] we know that renal 
veins contain much more (up to 20 
times) ammonia than the renal artery. 

This indicates that normal kidney pro- 
duces more ammonia than is needed for 
excretion. It depends on the conditions 
of the acid-base equilibrium whether 
the ammonia formed in kidney from 
amino-acids is excreted in the urine or 
appears in the venous blood. 

(4) Influence of substrate concentra- 
tion. M /2(K) Z-aspartic acid gives almost 
the maximum rate of deamination 
(Table XVII). At lower concentrations 


n 




— 




\ 


%i7 

: 


\ 


No nfiwrtu a 

J 

j 


^ ^ -r- 1 




Pn 

Fig. 6. 2h\ of the /'amino-acid deaminase. 

Substrate^ l{ - )aspartie acid. Rat kidney. 


of substrate, the ammonia formation is considerably smaller. It may be noted 
that the amino-nitrogen concentration of blood plasma lies between MjlCH) and 


Table XVII. Influence of S'uJbstrate concentration on tfte, 
deaminMion of 1( — )aspartic acid. 


Rat kidney. Phosphate saline. 1 hour. 37*5'^. 


Concentration of 
l{ - )aspartie acid 

M 

Qo^ 

VnHs 

0*04 

-23-8 

9-0 

0-02 

-301 

12-4 

001 

-34-2 

111 

0 005 

-.321 

10-6 

00025 

- 28-6 

0-42 

0 

- 21-5 

1-97 


i¥/400 [Van Slyke and Meyer, 1912; 1913J. The concentration curve is modified 
by the presence of other oxidisable substances, as shown in Table XVIII. This 
phenomenon will be discussed in Section V, 7. 

Table XVIII. Influence of the concentration of 1( — )aspartic acid on the 
ammonia formation in presence of MjlOO dX-lactate. 


Rat kidney. Phosphate saline. 1 hour. 


C^oneentration of 
l{ - )aspartic acid 

M 

^0| 

Qwelz 

007 

-40-2 

9*10 

0035 

-441 

6-06 

0-0175 

-48-0 

5-30 

0-0088 

-60-2 

3*43 

0-0044 

-46-0 

2*21 

0 0022 

-49-2 

1*32 

0 

-440 

M5 
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(6) Reduction of methylene blue. Tissue slices of kidney slowly reduce methy- 
lene blue if kept in saline at 37*5'' in the absence of oxygen. For instance, 3 mg. 
of methylene blue in 6 ml. saline were reduced by 44 mg. (dry weight) rat kidney 
slices in 2 hours. Addition of 3//100 Z( — )aspartic acid did not influence the 
velocity of reduction nor did it increase ammonia formation. Brilliant cresyl 
blue is reduced a little more quickly than methylene blue but again aspartic acid 
has no elTect on the rate of ammonia production. It should be emphasised that 
the non-reduction of these indicators does not prove an;ydhing as to the activa- 
tion or non-activation of the substrate molecule. 

Thunberg [1920; 1923J has studied the reduction of methylene blue* by a large 
number of amino-acids, but none except glutamic acid and perhaps alanine gave 
increased reduction in muscle or nervous tissue. The question whether the 
reduction of methylene blue in the presence of glutamic acid is accompanied by 
formation of ammonia was not investigated. 

(6) Separation of the \-amino-acid deaminase from cell respiration. The 
/-enzyme resembles the general cell respiration as regards sensitivity to drying, 
extraction, oci-yl alcohol or hydrocyanic acid. It differs however from most other 
cellular oxidations as to sensitivity to arsenious oxide. Arsemious oxides strongly 
inhibits cell respiration [Warburg and Onaka, 1911); it inhibits particularly the 
breakdown of tlu^ k(*to-acids formed according to equation (1) [Krebs, 1933, 1,2]. 
It does not inhibit the deamination of Z( — )aspartic or Z( + )glutamic acid. In 
the pn*8{mce of ansenious oxide therefore keto-a(‘ids accumulate in the solution. 
Asi)artic acid ^delds oxaloacetic and pyruvic acids, glutamic acid yields pc-keto- 
glutaric acid. The keto-acids can be detected by (carboxylase or can be isolated as 
dinitrophenylhydrazones [Krebs, 1933, 2]. Thus kidney is able to split off the 
ainmonia from /( ~ ) as parties and /( -f )giutamic acids according to equation (1) 
without oxidising tin? rest of the amino-acid mole(*ule. We may therefore speak of 
a Z-amino-acid deaminase as ar» oxidising system different from the other systems 
in the tissue. 

(7) Inhibition by oxidisable snbsianms. The deamination of Z-amino-acids is 
inhibited if substances which are readily oxidised, such as lactate or pyruvate or 
succinic acid or a-k(‘.to-aeids are added. Some examples are given in Table XIX. 

Table XIX. Inhibition of ammonia production from 1( — )aspartic 
acid by oxidisable substances. 


Rat kidney. (Concentration of the suljstratcs it//10U. 37-r)'. 


Substrates added 

Qo, 

Qmi, 

No substrate 

-2P0 

1*52 

/{ - ) Aspartic acid 

-371 

12 0 

Pyruvic acid 

-42‘2 

— 

Lactic acid 

- 40-9 

— 

/,( -• )A8partic -h pyruvic acids 

- 39- 1 

4*50 

l{ - )Aspartic -f- d/dactic acids 

- 38-5 

4*21 

l{ 4“ )Glutamic acid 

-410 

003 

a>Ketoglutaric acid 

-38*4 

0*34 

l( -1- )Giutamic -f %'ketoglutarie acids 

~ 42*0 

0*94 


Addition of MjlOO dZ-Iactate to J//1(K) Z( — )aapartic acid inhibits ammonia 
formation by 67 %. MjlOO ketoglutaric acid inhibits ammonia production 
from Af/100 Z( -f- )glutamic acid almost completely. Glucose has no appreci- 
able effect on the oxidation of amino-acids. 

This inhibition is not due to secondary utilisation of ammonia in the presence 
of the added substrate since added ammonia disappears very slowly from rat 
Biochem. 1035 xxix 104 
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Table XX. Utilisation of ammonia in rat kidney in the 
presence of various substrates. 


Substrate added 

nig- 

tissue 



8-85 

cZi-Lactate (3// 100) 

10-90 

Pyruvate (Ji/J(K)) 

lJ-69 

a-Ketoglutario acid (3// 100) 

9-99 


Amount of ammonia 
(jxL) in 3 ml. of 
solution 

r •'" ^ 


Initial 

After 

80 mins. 

^NHa 

Q02 

29-2 

35-5 

■fO-50 

- 20- 1 

29-2 

23-7 

-0-38 

-40-5 

29-2 

24-2 

-0-32 

-41*2 

29-2 

23-5 

-043 

-37-2 


kidney in the pn^sence of these substrates (Table XX). If the tissue is offered 
several substrates, they eomx)ete for the oxygen available. Each of these sub- 
strates increase's the Qq^ from about 20 to about 40 (37*5°). Jn the prcjsence of 
severaP substrates howev^(^r no summation of the incn'asing effect on respiration 
ensues; the oxygen u])take is again about 40. The constant oxygen uptake, 
together with the decreased ammonia j)rodue,tion observed when a sc^cond 
substrate is addoKl to amino-acids, indicates that the second substrate is oxidised 
instead of the amino-acid (“sparing action”, see also Dickens and Greville 
[1933J). 

In order to ensure that a maximum figure of is not limited by the rate of 
the diffusion, some exx^eriments were carried out at 20"^, whores the velocity of 
reactions is less and diffusion cannot be a limiting factor. Again no summation 
was found but there was disx^laccment of amino-acid bv other substrates 
(Table XXI). 


Tabic XXL Inhibition of ammonia production from \{-\-)glutamic 
acid by oL~ketoglutaric acid at 20"^. 


Hat kidney. 


Substrates added (3// 100) 

Q02 

^Niia 

— 

- 3-82 

0-30 

/( -r )Glutamic acid 

- (vOH 

1-29 

a^Kctoglutaric acid 

- or>2 

0-23 

l{ 4 )Glutaniic acid + a-ketoglutaric acid 

- 7-50 

0-13 


I explain the fact that no summation takes x)lace by assuming that the mechan- 
ism of activation of molecular oxygen is identical when difierent substrates are 
oxidist'd. But the following exx)criments make it probable that the activation of 
the substrati', is different in the case of Z-amino-acids and other substrates. If 
arsenious oxidi^ (1()"^ iff ) is added to kidney, the oxidation of a-keto-acids is more 
inhibited than the oxidation of amino-acids. Arsenious oxide therefore can 
restore the oxidation of amino-acids which was inhibited by the x>resence of 
keto-acids (Table XXll). If amino-acids compete with other substrates for 
oxygen, arsenious oxide shifts the position in favour of the oxidation of amino- 
acids. The simxfiest explanation of this effect is the assumpti<;m that the activa- 
tion of amino-acids is less inhibited by arsenic than is the Ifrctivation of other 
substrat/es. 

The inhibition of cellular oxidation by arsenious oxide was discovered by 
Warburg and Onaka [1911]. The experiments of Banga et ah [1931] have already 
suggestc^d that the pai'tial reaction affected is the activation of the substrate 
(dehydrogenase) . 
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Table XXII. Influence of on oxygen uptake and ammonia production. 

Rat kidney. 25"^. 


Substrates added 

AS 2 O 3 

concentration 

M 

Q ()2 


1 . — 

0 

- S-50 

0-63 

2 . — 

J 0 -» 

- 2 00 

0 75 

3. i( + )GLutamic acid (3// 100) 

0 

-18-7 

0 

a-ketoglutaric acid (3//100) 

4. l{ + )Glutaniic‘ acid (3//100) -t- 

10-3 

- 3-42 

113 

a-ketoglutaric acid (/If/lOO) 





Tlie inhibition of deamination by lactate dc^scribed in this paragraph ex- 
plains why kidney slices may produce less ammonia if suspended in serum than 
in saline. It may also explain why in perfusion experiments the rate of deamina- 
tion in kidney was found to be small or negligible [Bornstenn and Budelmann, 
1930J. Under the conditions of a perfusion experinnuit, the lactic acid (concen- 
tration in blood is often i in physiologically high (owing to blood glycolysis, effect 
of anaesthetics and various other circumstances). 

The method of investigating the summation offtn's the possibility of deciding 
gciK^rally wh(‘thcr tlu^ oxidation of various substances in cells involves luitircly 
separate systems for each substrate. Some experiments (Table XX JIT) were 

Table XXIII. Oxygen uptake of baker's yeast in the presemce 
of various substrates. 

flask contained 3 ml. of yeast suspension (4 mg. dry weight) in 31/20 RH 2 PO 4 . 17'\ 

Oxygen uptake (/xl.) 


SulKstrate added (final concentration) 

40 mins. 

80 mins. 

^•^oa 


21 

34 

- 04 

Glucose (3//20) 

224 

435 

-81-5 

Sodium dMactato {M loO) 

188 

.388 

-72(1 

Sodium acetate (3i/20) ^ 

07 

199 

-37-5 

Sodium butyrate (3//20) 

Sodium a-ketoglutarato (3//50) 

02 

lit) 

-21-8 

1()4 

342 

-024 

Glucose (3//20) -f- sodium dMactate {MjoO) 

218 

435 

-Sl-5 

Glucose (3//20) 4 sodium acetaU^ (3//20) 

212 

432 

-81-0 

Glucose {M/20) + sodium butyrate {M/20) 

192 

402 

-75-2 

Glucose (37/20) + sodium a-ketoglutaratc (iW/50) 

245 

420 

- 80-0 


(iarried out with yeast cells. Yeast is a very suit^able material since its respiration 
without substrate is very small and the addition of substrate causes a great 
increase (more than 1000 %) in the respiration. Suitable substrates of different 
types are glucose, c?i-lactate, acetate, butyrate and a-ketoglutarate. Each 
substrate brings about a large increase in respiration, but no summation ensues 
when two substrates are added simultaneously. This seems to prove that the 
systems responsible for the oxidation of various substrates have one component 
in common, most probably the part which activates the molecular oxygen. 

(8) Occurrence of hamino-acid deaminase in different tissues. Kidn(\v cortex 
shows by far the highest rate of deamination of ?-amino-acids in all the animals 
examined (rat, guinea-pig, rabbit, cat, dog, sheep, pig). Table XXIV gives some 
instances comparing the oxygen uptake and the ammonia production in liver 
and kidney after the addition of — )aspartic acid. In kidney the amino-acid 
roughly doubles the oxygen uptake and causes a large increase in the^ammonia 

104—2 
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Table XXIV. Oxygen uptake and amnmiia formaiion of various tissues 
in the presence of 1( — )aspartic acid. 


Tissue 

Kidney, rat 
»» »» 

>» »» 

„ sheep 

»» »> 

>» >» 

* „ guinea-pig 
Liver, guinea-pig 
„ sheep 

Intestine (ileum), rat 
„ (jejunum), rat 

„ (duodenum), rat 

„ (ooecum), rat 

„ (jejunum), guinea pig 

„ (duodenum), guinea pig 

Muscle, abdominal wall, rat 
Kidney, pig 
Liver, pig 


Oxygen uptake (^ 02 ) Ammonia formation (Cnhj) 


Without 

With 

Without 

With 

( - )aspartic 
acid (Mj5) 

l( - )aBpartic 
acid (Jtf/5) 

l{ - )a8partio l( - )aspartic 
acid (Mjo) acid (mI5) 

-19*2 

-27-7 

1*40 

8*38 

-241 

- 32-2 

2*39 

9*70 

-21*0 

- 35-5 

3*28 

162 

-111 

-20-7 

0*60 

3*60 

-13*9 

-271 

1*77 

7*70 

- 139 

-21*7 

0*93 

4*39 

- 7*80 

- 8*10 





- 311 

- 3-87 


— 

-11-9 

- 130 

2*30 

2*30 

- ior> 

- 10*2 

1*40 

1*57 

- 10-2 

-n*9 

1*29 

1*54 

- 7 02 

- 7*18 

0*57 

0*81 

705 

- 6-95 

0*20 

0*43 

-- (>-86 

- 6*59 

0*41 

' 0*64 

- 2*84 

- 3*42 

0*19 

0*20 

- 13-5 

-17*3 

1 05 

3*18 

- 3‘85 

- 2*7 

0*68 

0(i4 


production. In liver both changes are only slight. Other amino-acids shoM^ 
similar dififerences. Since however the amount of liver tissue in the body is 
(roughly) five times as much as the amount of kidney cortex, the share of the 
liver in deamination is coiivSiderable. Besides, the amino-acids coming from the 
intestinal tract are at a higher concentration when they reach the liver than 
when they reach the kidney. It may be therefore that the amino-acids of the 
food are preferentially deaminated in the liver. 

Slight increases in oxygem uptake and ammonia formation are frequently 
observed if Z-amino-acids are added to intestinal wall, esjx'cially the lower part 
(caecum) (see also London et al. [1934]), although the increase in ammonia 
formation is only about a t^^nth of that in kidney. Addition of amino-acid to rat 
diaphragm does not cause an increase in oxygen uptake or ammonia formation. 
Minced muscle however shows increased oxygen uptake in the presence of 
Z-aspartic acid and Z( -f )glutamic acid [Needham, 1930]. The rate of oxidation in 
muscle is very slow and no ammonia is found if these amino-acids are present. 

The mouse Crocker tumour and the following rat tissues do not show a 
measurable increase in ammonia formation if Z-aspartic acid or dZ-alanine is 
added to slices suspended in glucose-containing (0*2 %) saline; brain, retina, 
spleen, testicle, placenta, chorion, red blood corpuscles, red bone marrow, 
pancreas, salivary glands, Jensen rat sarcoma. 

However, brain and retina have an increased respiration in the presence of 
glutamic acid. The respiration of brain or retina in vitro falls off quickly if no 
suitable substrate is added. Suitable substrates are carbohydrates (glucose, 
fructose), lactate and pyruvate. Z( + )Glutamic acid is the only amino-acid which 
I have found capable of maintaining the respiration of brain or retina (Tables 
XXV and XXVI and Fig. 7). This is in accordance with Quastel and Wheatley’s 
[1932] results. But the solution in which glutamic acid is oxidised does not 
contain an increased amount of ammonia. Glutamic acid seems to influence the 
respiration without being deaminated. This phenomenon will be .dealt with fully 
in a subsequent paper. * 
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Table XXV. Influence, of \{ + )ghdamic acid on brain respiration. 

Rabbit brain cortex in phosphate saline, 37*5''. O 2 . 


Oxygen uptake per mg. dry tissue (fxl.) 


No substrate 3//50 l{ 4 )glutamic 


Time (mins.) 

added 

acid 

if/30 glucose 

20 

2-59 

4-09 

3-38 

40 

4-35 

8-90 

0-50 


5-«2 

12-9 

9-48 

80 

0-02 

16-5 

12-4 

100 

7-37 

19-8 

1.V3 


-A//30 glucose 
M 1 50 l{ + )glutamic 
acid 

11-4 

ltr8 

21 '(i 

2()0 



Fig. 7. Effect of /( 4-)glutaniic acid on the respiration of rabbit brain. 


Table XX\T[. Influence of l(-\-)glutamic acid on retina respiration. 

Pig retina in phosphate saline. 37-5'^, Og. is calculated for the first hour of the experiment. 

For ( 1 ) and ( 2 ) and for (3) and (4) the retinae of the same animal were used. 


Co, («) 

( 6 ) 


(1) (2) (3) 


No substrate 
added 

>-7-3 

-3*8 


if/50 l( 4 )glutamic 
acid 

-13*9 

-12*3 


ilf/30 glucose 

- 9-05 
-10-4 


( 4 ) 

if/30 glucose 
if /50 /( + )glutamic 
acid 

-180 

-14-3 


VI. Cell stbuoture and enzyme action. 


(1) Deamination of \-amino-acids in tissue *'brei'\ Effect of dilution. The 
main difiFerence between the d-amino-aoid and Z-amino-acid deaminases appears 
to be the behaviour on extraction of the ground tissue. The <i-amino-acid 
deaminase can be extracted and the Z-amino-aoid deaminase cannot. This 
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diflFerence is not merely a difference in solubility since, in the case of the Z-amino- 
acid deaminase, both the supernatant fluid and the insoluble residue of the 
ground tissue are inactive. 

The Z-amino-acid deaminase belongs to the large category of cellular oxida- 
tions which are said to be bound up with the structure of the living cell. The bulk 
of the cell respiration also disappears when the tissue is gi'ound and extracted. 

In order to analyse the difference between the two deaminases, the process of 
extraction was studied in detail. Experiments described in this section show that 
the enzyme is inactivated, not by grinding and destruction of the cell, but by the 
dilution of the protoplasm which necessarily accompanies extraction. The extent 
of the dilution determines the extent of the inactivation. This is true for the 
Z-araino-acid deaminase and for the bulk of the cell respiration. 

Table XXVII shows some examples of the effect of grinding and dilution on 
Z-amino-acid deaminase. For these experiments, kidnc\ys of larger animals were 
obtained from the slaughter house as soon as possible after the death of the 

Table XXVII. Deamination of l{ — )aiipartic acid in kidney ^*brei*\ 

For details sec text. 

Ammonia formed 


Final With 


Tissue 

Temper- 

ature 

dilution 
of the 
tissue 

Time 

(mins.) 

Blank 

With 

/( - )aspartio 
acid 

l{ - )a8partir 
acid corrected 
for blank 

Fig kidney 

37-5 

4-fold 

50 

82 

3.30 

248 

37-5 

8-fold 

50 

55 

07-5 

12*5 

Fig kidney* 

37 -.5 

4-fold 

30 

7()*5 

127 

50-5 

ff 

37-5 

8-fold 

30 

42 

74 

32 

»» 

37*5 

IC-fold 

30 

41-5 

53 

11-5 

Fig kidney 

37-5 

4-fold 

40 

118 

375 

257 

37-5 

8-fold 

40 

58 

70 

12 

Sheep kidney 

37-5 

4.fold 

40 

159 

242 

83 

97 

37-5 

8-fold 

40 

108 

125 

17 


* Kidney kept on ice for 3 hours before the experiment. 

animal. The cortex was minced in a ‘‘Latapie’’ mincer. To the mashed tissue, 
one volume of phosphate-saline was added. The mixture was thoroughly shaken 
in a stoppered measuring cylinder. This suspension of the whole kidney was used 
for the experiments. It can be conveniently measured with a pipette. 

The tissue in this suspension is diluted by one volume. This dilution is un- 
avoidable since the concentrated mince is semi-solid and cannot bo saturated 
with oxygen and with substrate. 0-6 ml. of the suspension {about 60 mg. dry 
weight) was measured into each Warburg flask and 0-5 ml. of Jf /5 Z( — )aspartate 
was added. Varying amounts of phosphate-saline were added for further 
dilution. Thus the flasks contained a constant amount of tissue and amino-acid, 
but a varying amount of suspension fluid. Controls were carried out without 
Z( — )aspartate. The gas space was filled with oxygen. The shaking was fast since 
the oxygen uptake was very large in the concentrated suspensions. In the 
“brei’’ that was diluted 4-fold, the rate of ammonia formation from Z( — ) 
aspaHie acid is still of the same order of magnitude as it is in slices. With 8- or 
16-fold dilution, the deamination is much inhibited, in some experiments almost 
completely. 

(2) Effect of dilviion on respiration of tissue *'brei'\ Tables XXVIII and 
XXIX show the effect of dilution on the respiration of kidney brei ”, The more 
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Table XXVIIL Influence of dilution on the oxygen iiptake of tissue ‘‘brei*'*. 


Tetinxr- Dilution Oxygen uptake (fil.) in 




ature 

with 

— 

K. 


^ 


Tissue (wet weight) 


Haline 

5 mins. 10 mins. 20 rams. 40 mins. 


f Pig kidney (500 mg.) 

19 

2.fold 

61 

118 

245 

486 

1 


19 

4.fold 

38 

80 

138 

245 


1 

19 

8-fold 

21 

41 

69 

111 

2 

] Pig kidney (250 rag.) 

.‘ITo 

4-fold 

49 

71-5 

126 

— 


( 

37-5 

8-fold 

15 

28 

51 

— 

3 

( Hheep kidney (500 rag.) 

20 

2-fokl 

— 


158 

320 


1 

20 

6-fold 

— 

— 

53 

110 

4 

J Sheoji kidney (600 mg.) 

,37-5 

2-fold 

54 

113 

196 

— 


1 

37-5 

6-fold 

30 

68 

93 

— 

5 

( Sheep kidney (.’lOO mg.) 

:i7-5 

2-fold 

115 

2:12 

425 

— 


1 

37-5 

4-fold 

60 

117 

187 

— 

b 

j Sheep kidney (500 mg.) 

37-5 

2-fold 

121 

238 

441 

— 

1 

37*5 

6.fold 

38 

79 

111 

— 

* Addition of glucose or /( - )aHpartic acid to diluted 
uptake. 

“brei” 

had no 

effect on 

the ox 5 'gen 


Table XXIX. Oxygen uptake in slices and in ''brei'\* 



Temper- 


in 

‘‘brei'** diluted 


ature 


— . ^ — — — ^ 

Tissue 

0 ^"1 

slices 

2-fold 

4-fold 8-fuld 

Pig kidney 

19 

- 2-77 

— 7 22 

-317 -1*73 

I’ig kidney 

20 

- 3 83 

• 4-67 

— 

Sheep kidney 

20 

3-65 

- 415 

— 

Sheep kidney 

37*5 

- 15*5 

- 120 

- 6*05 


* The dry weight, of kidney eortex was found to be 211 weight. 


concentrated suspensions respire about as mucli as slict^s, sometimes even more. 
Dilution destroys the respiration more or less in proportion to the extent of the 
dilution. 

Maefadyen et al. (for references see Harden [1932]) and Warburg [1911; 
1914] have described vsimilar olxservations. Maefadyen et al. found that the 
alcoholic fermentation of yeast juice disappears with dilution. Warburg in- 
vestigated the effect of dilution on the respiration of hiked blood corpuscles of 
the goose. He cytolysed the cells by freezing and thawing. The oxygen uptake of 
the concentrated evdolised red cells was 60-75 % higher than that of the intact 
cells. When the cells were diluted in the proportions 2:5:1 1, the oxygen consump- 
tion was in the proportions 66:31:15. Thus the increase of respiration after 
destruction of the cells and the decrease on dilution are very similar in red cells 
and in kidney. 

It should be mentioned that the experiments drscrilM?d in this soetion were carried out with 
freshly prepared “ brei “ Brci ” which had been kept on ice for 24 hours gave only a small oxygen 
uptake as compared with fresh “brei”. 

These results lead to a distinction between enzymes or systems which act 
independently of the amount of fluid in which they are dissolved or suspended 
and systems which act only within a small range of concentration and are 
destroyed if the medium is diluted. The vast majority of the common enzymes 
belong to the first group. The second group comprises those reactions which have 
generally been considered as being bound up with the structure of the living cell, 
i.6. the bulk of oxidations and fermentations. 
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(3) Theory of the effect of dilution. The elfect of dilution can be explained by 
the assumption that a reaction between more than two partners (a ternary collision 
or a collision of a higher order) determines the velocity of the reaction. Such 
components may be for instance activated substrate, activated oxygen and a 
co-enzyme. The probability of a ternary collision decreases in proportion to the 
dilution. If one volume of enzyme solution is diluted with one volume, the 
number of ternary collisions is halved in the total volume of the mixture. In 
many experiments in Table XXVIII, the effect of dilution is that expected for 
a ternary collision. 

Ternary collisions occur extremely rarely in homogeneous solutions. It is 
one of the functions of the structure of the cell to arrange the catalysts in such a 
way that a ternary collision reaches a certain degree of probabilit 3 ^ Of course 
this is not the oiily reason why the structure is of importance for chemical 
reactions in cells. It is not however within the scope of this paper .to discuss this 
problem in full. 

Thus the different behaviours of the d- and /-amino-acid deaminases on ex- 
traction and dilution appear to be due to the different structures of the two 
enz 3 >'mic systems. The d-enzyme is a comparatively simple system, the Z-enzyme 
a more complicated one in which an additional factor, involving a ternaiy 
collision, plays a part. 

\TI. Interrelation between d- and Z-amino-acid deaminases. 

From the experiments described, it was concluded that two different de- 
aminating systems exist. But it must be pointed out that this difference only 
concerns the two systems as whole systems. It may well be that the two sj’^stems 
have certain components in common; for instance it may be that the Z-deaminas(^ 
is the d-deaminase plus an additional factor. The idea that the d-doaminase is a 
fragment of the Z-amino-acid deaminase is supported by the fact that d-deaminase 
can be obtained only from those tissues which contain the Z-system, and by the 
fact that the Z-system cannot be separated from the d-s^^stem. Moreover it would 
explain the occurrence of an enzyme for which practically no substrate is found 
in nature. If this view is correct, the additional factor, which makes the d-enzyme 
into the Z-enzyme, is a substance which reacts with Z-amino-acids and enables 
them to react in the same way as d-amino-acids react by themse^lves without 
an auxiliary substance. 

Summary. 

1 . Slices of liver and kidney deaminate (by oxidation) theoptically “natural ” 
amino-acids and also their optical isomerides which do not occur naturally. 

2. The “natural” amino-acids, which according to their spatial configura- 
tion belong to the Z-series, are not deaminated in the presence of octyl alcohol or 
if/100 cyanide, or in extracts of ground tissue or dried tissues. 

3. The “non-iiatural” amino-acids which belong to the d-series are de- 
aminated in the presence of octyl alcohol, of if/100 cyanide and in extracts 
of ground or dried tissues. 

4. These differences between the deaminations of optical isomerides are 
explained by the assumption that deamination of the two stereoisomerides is 
brought about bj" two different Onzymic systems (“d-amino-acid deaminase’* 
and “Z-amino-acid deaminase”). The difference concerns the two systems as 
whole systems ; it may be that they have certain components in common or even 
that the d-amino-acid deaminase is a fragment of the Z-amino-acid deaminase. 
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5. The activity of the dcaminating systems under various conditions and 
their occurrence in various tissues and animals have been investigated. 

6. The Z-amino-acid deaminase is active in ground tissue when the “brei” is 
suspended in a small volume of fluid. On dilution of the tissue suspension, the 
activity disappears approximately in proportion to the dilution. 

7. The oeU respiration in ground tissue shows a similar sensitivity towards 
dilution. 

8. The effect of dilution is explained by the assumption that a ternary 
collision, or a collision of a higher order, plays a role in those enzymic systems 
which bedbme inactive on dilution. The probability of a ternary collision de- 
creases in proportion to the dilution. 

9. The deamination of I- and d-amino-aeids in kidney slices is inhibited by 
substances which can be oxidised by kidney. If two different substances, each of 
which causes €^n increase in oxygen consumption, are added together to kidney or 
yeast, no summation of the effects on the oxygen uptake ensues. The substrates 
compete for the oxygen and displace each other. This indicates that the process 
of activation of oxygen is identical for all the substrates which show no summa- 
tion. 

This work was made possible b^^ grants from the Rockefeller Foundation and 
the Ella Sachs Plotz Foundation. 

T wish to express my deep gratitude to Sir F. G. Hopkins for welcoming me 
to his Laboratory and for his interest and help during the progress of the work. 
I wish also to thank Prof. D. Keilin for advice and criticism, Prof. C. R. 
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Three methods are at present widely used for the determination of vitamin A, 
viz. (i) the fundamental method of biological assay, (ii) the measurement of the 
ultraviolet absoryHion at 328 m/x, and (iii) the evaluation of blue-colour intensity 
in the antimony trichloride test. The colour test and the ultraviolet absorption 
owe their origin to the alcohol ('20H29OH or its esters [Karrer et al., 1931 ; 1933; 
Karrer and Morf, 1933 ; Heilbron et al., 1932], and the biological activity shows 
a very high correlation with these tests. Refinement of all three methods has, 
how(wer, revealed discrepancies, and the object of this paper is to show that 
some materials possess biological activity, indistinguishable from that of 
vitamin A, ovc'r and above that corresponding with the proportion of C20H29OH 
(or its esters) y)resent in th('se preparations. 

The reliability of the physicochemical tests as measures of vitamin A potency 
has already been the sul»ject of much investigation. The antimony trichloride 
colour test was introduced in 1926 [Carr and Price, 1926], but on account of 
the errors then obtaining in biological assays, its validity could not be readily 
asHf'ssed [cf. Medical Research Council Committee Report, 1928]. The spectro- 
scoy)ic test was introduced in 1928 [Morton and Heilbron, 1928], and the first 
attemy)t to correlate biological and sy)ectroscoy)ic data on a quantitative basis 
was made shortly afterwards [Drummond and Morton, 1929], The extremes in 
the intensity of absorption at 328 wp. for the six cod-liver oils tested covered a 
range of only 3*25 to 1, and the biological assay could not be relied ui)on to 
differentiate clearly between oils differing in y)otenoy in a ratio of less than 
2 to 1. Within the limitations of th(^ comparison, however, the agreement was 
satisfactory. 

A more comprehensive investigation w^as made by Coward et al. [1931]. 
Eleven cod-liver oils and two concentrates were studied, the range of j)otency 
being of the order 30 to 1. In this work Blue values in the colour test were 
determined in two ways: (i) in the ordinary way on the oils themselves, and 
(ii) on the unsaponifiable extracts from known weights of the oils. Ultraviolet 
data were recorded directly on the oils. Statistical methods showed that 
although there was a high degree of correlation between the physical and 
biological assays, the estimated eiTors of the biological test were not sufficient 
to account for the observed discrepancies. It was pointed out, however, that 
the biological test as carried out might have been liable to further error due to 
a variation in the average response of the animals to vitamin A at different 

^ The substance of this paper was read at the 166th tticeting of the Biochemical Society 
(Liverpool, December Idth, 1934). 
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periods, and it has since been shown that the error from this source may be 
very large indeed [Coward et aL, 1933]. 

In further work on the same subject [Coward et al., 1932] four oils from the 
same series were re-examined, and five new samples were studied. The results 
generally supported the conclusions of the first paper. 

In the present work any error of the biological assay due to variation in 
the average response of rats to vitamin A at different periods has been eliminated 
by the use of the international carotene standard. Each assay has been made 
by direct comparison of the test substance with the standard preparation ; for 
every rat that has received a dose of the test substance, another of the same 
litter and the same sex has received a comparable dose of the standard over 
the same period. It appears, therefore, that we are justified in assuming that 
the error of the biological assay, calculated from the variation in the difference 
of the growth of animals receiving doses in a known ratio, represents the total 
error of the assay. 

It was pointed out in the previous papers of Coward et al., not/ed above, 
that the ultraviolet assay carried out directly on liver oils is apt to give results 
erring on the high side owing to the presence of substances, other than vitamin A, 
which contribute to a variable extent to the observed absorption. This extraneous 
contribution is usually of the order 0*0£M)*2 (E [ ), which, although insignificant 
in comparison with the gross absorption of a rich oil {e.g. halibut, E J 328 m/x = 30 
or more), may introduce a serious error into determinations on weaker oils (e.g. 
cod, EJ’/,;, 328w?./x = 0'5~l’5). Wlien the antimony trichloride tost is applied 
directly to a weak oil, there is an error in the opposite sense, which may be 
considerable, arising from the presence of substances which interfere with the 
development of the blue colour [c/, Morton, 1932]. If, however, the physico- 
chemical tests are, in such a case, applied not to the oil but to the total un- 
saponifiable matter from a known weight of oil, both these sources of error can 
be largely eliminated. In the present work, tests on the unsaponifiable fractions 
have accordingly been adopted in all determinations on cod-liver oils and 
materials of similar potency. 

Expebimkntal methods. 

Blue values (Carr -Price- Lovibond)^ were determined according to the method 
described in the British Pharmacopoeia (1932), the ether-extracted unsaponi- 
fiable fraction of the oil being employed where necessary. All Blue values were 
determined on more than one occasion. 

Spectroscopic mejisurements were made of the intensities of absorption at the 
two characteristic maxima exhibited by the blue solution obtained in the 
antimony trichloride test (at 580-583, and 620 m/a for rich oils and unsaponifiable 
extracts; at 572 and 606 m/a for weaker oils), and of the intensity of absorption 
in the ultraviolet at or near 328 m/a. For the measurements made on the blue 
solution, a visual spectrophotometer was employed, and each recorded measure- 
ment was the mean of 10-12 readings rapidly taken on freshly prepared solu- 
tions, before appreciable fading could occur. For the measurement of the 
absorption at 328 m/a, a quartz spectrograph with long-focus sector photometer 
was employed. 

For the preparation of unsaponifiable fractions required for spectroscopic 
examination, the following method, based on the recommendations of the Society 

^ For theso determinations we are indebted to Mr H. Pritchard of the Besearoh pepaiUment, 
Lever Brothers, Limited. 
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of Public Analysts for the determination of unsaponifiable matter [1933], was 
developed : 

Saponify O-2-l-Og. of oil, a(;corciing to potency, with 10 ml. N/2 alcoholic KOH for 5-10 
minutes. Dilute with 20 ml. water, and extract twice with 25 ml. freshly distilled ether. Wash 
the combined ethereal extracts once with water (swirling), once with dilute alkali, and then twice 
more with water (gently shaking), using 10-20 ml. for each wash. For the colour test evaporate 
an aliquot portion of the ethereal solution and blow^ dry twice with nitrogen or carbon dioxide 
at 70-80“, after adding a few drops of pure ethyl alcohol. Make up the residue, to suitable volume 
with pure dry chloroform and examine without delay. For the (‘xaraination of ultraviolet absorp- 
tion, evaporate a second aliquot portion of the ethcTcal extract in a stream of nitrogen or carbon 
dioxide and dissolve the wet residue in al(‘ohol that has been tested spectrographically for trans- 
parency. The use of porous pot (to prevent “bumping”) should bo avoided, since adsorption of 
appreciable quantities of vitamin A on the pot may occur. 

Biological assays were carried out according to the method recently described 
[Morgan, R. 8., 1934], using a diet with meat meal and coconut meal as sources 
of protein. The paper referred to contains an example showing how assayB are 
calculated from growth data (Cod-liver oil J1 in the present series of tests). In 
this example the oil was considerably more potent than was expected, and the 
growth response exceeded that produced by the comparative dose of standard 
in 17 of the 18 pairs of animals. In many tests, however, the assays were very 
near the expected potencies, i.e. the growth responses produced by the standard 
and the tost substance were nearly equal, in some t(\sts, the experimental 
period was 6 weeks, growth being averaged at 4, 5 and 0 weeks, and in others 
tht‘ exp(Timental period was 3 weeks. In these, the initial and hnal weights of 
the rats wore taken as the average of the weights on three consecutive days. 

In all assays the reference substance was the 1931 carotene standard of which 
ly=l unit. The colour of every new solution of the standard was matched in 
the Lovibond tintometer, the solution being diluted with chloroform until a 
match of about 5 yellow was obtained in a 1 cm. (‘dl. The matches on suci‘essive 
solutions were constant within the error of the dekTininatiori and gave an 
average value, calculated to a 1 % solution of the carotene, of 12,250 yellow 
+ 3050 red. 

Results. 

Spectroscopic examinations . 

The details of the results of the spectroscopic examinations are given in 
Table I, In calculating the percentage of vitamin A, the rich concentrate 
described by Carr and Jewell [1933] has been accepted provisionally as the pure 
substance. This material has a Blue value of 80,000 and the following spectro- 
scopic characteristics: E[J^^ &20nip> 5000, 5SSmp. 2000, 328 m/x 1000. Per- 
centages have been calculated by simple proportion. Those based on the 
extinction coefficients of the blue solution with antimony trichloride tend to 
represent lower limits, because of inhibition, w hilst those based on the extinction 
at 328mft represent upper limits. It will be noticed that the two sets of values 
approach each other closely in many unsaponifiable extracts and other rich 
materials, m which the effects of inhibition and extraneous absorption are slight. 
The extinction at 583 mju is, however, not always easy to determine accurately, 
and slight discrepancies here may be ignored. 

Biological assays and Blue values. 

The results of the biological assays and Blue value determinations are also 
summarised in Table I. The ratios assay /Blue value and assay/spectroscopic data 
have been brou^t to the same basis by expressing each as the assay extrapolated 
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to pure vitamin A In all assays thus extrapolated from data on low-potency 
oils, the figures obtained via the unsaponifiable fractions have been used. 

Details of the biological assays of thi*ee of the substances are given below. 

Assay No. 12. Vitamin A distillate. Doses were chosen on the expectation 
of a potency of about h2 million units per g., i.e. a dose of 1/1200 rag. was fed 
in comparison with 1 unit of the standard. The growth responses in 3 weeks 
were as follows (all the animals were bucks). 


Standard 

Concen- 

trate 


Standard 

Concen- 

trate 

g* 

g- 


g- 

g- 

40-7 

35G 

1-unit pairs {coni.) 

40*7 

490 

Pi-O 

110 

15-4 

320 

31 3 

51*4 


210 

340 

0 

2G-3 


44*7 

42 0 

22-7 

300 

2 -unit pairs 

530 

.57*7 

55- G 

57-7 

83'7 

(i30 

ri7-0 

70 7 


GG-7 

GO-7 

50*0 

.570 

Positive controls 

71*3 

— 

52-7 

.51 0 


70-0 


52-G 

5G(» 


88-3 

-- 

response produced by the concentrate was superior 

to that 


J-unit pairs 
J-unit pairs 

1-unit pairs 


The growth 

produced by the comparative dose of standard in 11 of the 17 pairs. Th(‘ average 

value of the pair difference of the squares of growth is — 186, (corresponding to 

a dose ratio of 1*075. ^ i ‘ii* -.l 

Assay =1*29 million units per g. 


Assay No. 15. Liver oil from the fish Thyrsites atun. Doses witc chosen on 
the expectation of a potency of about 16,750 units per g. The growth responses 
in 3 weeks were as follows (all bucks). 



Standard 

Liver oil 

Standard 

Liv er oil 


g- 

g* 

g* 

g- 

J-unit pair 

20*3 

16*7 

2-unit pairs {cont.) 44*1 

52-7 

J -unit pairs 

42*3 

.57*3 

47*7 

53*3 

58*0 

41*0 

GL4 

45*7 


38*7 

39*4 

530 

42*4 


30*0 

38*3 

Positive control 78*7 

— 

2 -unit pail’s 

,58*3 

G()*7 




The gi’owth response produced by the liver oil was superior to that jiroduced 
by th<^ standard in 7 out of the 10 pairs. The average vaJue of the pair difference 
of the squares of growth is —212, corresponding to a dose ratio of 1*085. 

Assay = 18,200 units per g. 

Assay No. 23, Commercial cod-liver oil concentrate II. Doses were chosen 
on the expectation of a potency of about 40,000 units per g. Growth responses 
in 3 weeks were as follows (all bucks). 



Standard 

Concen- 

trate 


g* 

g- 

J-unit pairs 

27-3 

28-G 


23-7 

12-3 

|-unit pair 

38*3 

37-0 

1-imit pairs 

45-0 

40-3 

30-0 

26-0 


47*4 

31-4 


30*3 

29-3 


4G’3 

31*0 



Standard 

(yoneen- 

trate 


g* 

g- 

1-unit pairs (cont.) 

63*7 

43-7 

2 -unit pairs 

62*3 

37-5 

68*3 

67*0 


60-6 

60-7 


55*7 

62-6 

Positive controls . 

71*3 




76-6 



83*7 

— 



Table I. Simmanj of vitamin A tr^ts, by biological, chunical and physical met^od^s. Potency of “ 100 %** 

vitamm A (mOlioss 
of units per g.) 
calculated from 
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The growth response produced by the concentrate was inferior to that pro- 
duced by the standard in 11 of the 13 pairs. The average pair diflFerenoe of the 
squares of growth is 670, corresponding to a dose ratio of 1/1*297. 

Assay = 30,900 units per g. 

Statistical examination of the results. 

Correlation between Blue value and biological assay, 

(In the calculations made in this section, the assays Nos. 10 and 17, for which there are no 
spectroscopic data, have been omitted, so that the results may be comparable with those of 
similar calculations made for the correlation between spectroscopic estimates and biological 
assays.) 

In Table II, the assays extrapolated to “ 100 vitamin A from the Blue 
values have been arranged in order. The number of pairs of rats used in each 
assay is given as the equivalent number of pairs of male rats in a 3-week test, 
on the basis that an assay with 10 pairs of males will be of the same accuracy 
as one with 20 paii*s of females, and that a 4, 5, 6-week assay with 10 pairs will 
be of tlie same accuracy as a 3-week assay with 12*2 pairs. The limits of error 
corresponding to twice the standard error (= throe times the probable error) of 
the biological assays, have been calculat»t^d from the numbe^r of pairs of animals 
used in each test and the standard deviation of the difterence in the squares of 
growth of male rats receiving doses in the ratio 2/1. 

Table II. Assays eJctra2)olaied to ^'100 vitamin A (Blue value =^80,000) 


from the Blue vahies. Assay of 

-100 V’ 


Assay 

No. 

No. of pairs 
as males m 
3-week 
tests 

{Substance assayed 

vitamin A, 
millions 
of units 
per g. 

Limits of error 
corresponding 
to twice the 
standard cirror 

1 

10-4 

Commercial C.L.O. cone. I 

1-23 

0-99-1-66 

21 

8 

Mammalian L.U.+ C.L.O. <50iic. (ii) 

L20 

0-90-1-77 

23 

13 

Commercial C.L.O. cone. 11 

J-29 

0-9Jt-L69 

T) 

71) 

Mammalian L.O. unsap. 

1-35 

0-96-1-90 

U 

17-6 

Mammalian L.O. dilute solution 

1-38 

MO-1-74 

20 

7 

Mammalian L.O. + C.L.O. cone, (i) 

L43 

0-99-2-06 

19 

7 

Mammalian L.O. Ill 

144 

1-00-207 

12 

17 

Vitamin A distillate 

ir>3 

1-21-1-94 

22 

0 

Tunny -liver oil 

L56 

1*06-2-31 

4 

12-8 

Mammalian L.O. I 

L68 

1-21-207 

18 

8 

Mammalian L.O. 11 

1-63 

M6~2-29 

24 

11 

Crude C.L.O. '‘B” 

1-68 

1-26-2-24 

13 

7 

Halibut-liver oil 

1-71 

1- 19-2*46 

3 

9-2 

Fish-liver oil “A” 

1-95 

1-43-2-66 

10 

8-5 

Unsap. from C.L.O. IV, prep. 1 

2-06 

1-48-2-87 

14 

13 

Unsap. from C.L.O. IV, prep. 2 

209 

1-60-2-73 

15 

10 

L.O. from Thyrsi tes atun 

2-2 

1-62-2*98 

6 

17 

C.L.O. I 

2-22 

1-76-2-80 

9 

13-7 

C.L.O. IV 

2-31 

1*78-2-99 

2 

17 

C.L.O. “Z’’ 

2-36 

1*87-2*98 

7 

17 

C.L.0. 11 

2-66 

2*10-3*36 

8 

8*5 

C.L.O. “X” 

3*38 

2*43-4*70 


Since the errors of the biological assay are calculated logarithmically (i,e, 
the range of error of an assay is expressed by the mean multiplied or divided 
by a factor, not plus or minus a diflference), the average of the assays extra- 
polated to pure vitamin A is best calculated via the logarithms. The value so 
obtained is 1*766 million units per g. Seven assays of the twenty-two differ 
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from this mean by an amount which is equal to or greater than twice the 
standard error of the assay. It is evident, however, that if two assays differ 
significantly from the mean in opposite directions, they differ very significantly 
from each other. The distribution of the assays extrapolated to ‘‘pure vita- 
min A”, and their errors, are shown diagrammatically in Fig. 1, but the error 



Fig. 1. Biological aysiays extrapolated to “pure vitamin A” from the‘ Blue values 

(Assay ^ 80,000 /b.v.). 

Each assay is represented by a point, and the limits of error corresponding to 1*41 times 
the standard error are shown by the unshaded area on either side of each point. The numbers 
on the left are the assay numbers given in Table I; they give the order in which the assays 
were carried out. The letters on the right indicate the class of substance assayed, thus: 
mammalian liver oils and concentrates; -commerical cod-liver oil concentrates; 
medicinal cod -liver oils and concentrates prepared from them. F — fish-liver oils other 
than medicinal cod-liver oils; — vitamin A distillate. 

The two assays marked * (for which no spectroscopic data are available) have been 
omitted in calculating the average, so that the averages of the assays of “pure vitamin A’’ 
calculated from Blue values and from extimdion coefficients, may be comparable. 

range in the diagram (shown by the unshaded area on either side of each point) 
is given by times the standard error. If the errors of two assays, calculated 
in this way, are approximaMy equal (in a ratio of not more than 2/1), and just 
fail to overlap, then the diffe^rence between the two assays is approximately 
equal to twice the standard error of the difference and may be considered 
significant. Examination of Fig. 1 shows that there are 17 assays significantly 
lower than the highest, 11 assays significantly higher than the lowest tic. 

The average of the logarithms of the assays calculated to “pure vitamin A” 
in millions of units per g. is log 1-76G— 0*247. The standard deviation of this 
value is 0*1 17, Taking the limits of eiTor as twice this error (i.e. to give approxi- 
mately the 22/1 chance) the limits of error of the Blue value as an estimate of 
the biological assay are 58*3-171*4 % of the found value. 

Correlation between spectroscopic estimations of vitmnin A 
and biological assays. 

The assays extrapolated to “pure vitamin A” from the spectroscopic esti- 
mations have been arranged in order in Table III. The limits of error corre- 
sponding to twice the standard error of the biological assays have been calcu- 
lated as in Table II. The numbers of pairs of rats used for the assays have 
already been given in Table II. 

Bioohem, 1935 xxiX 


105 
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Table III. Assays extrapolated to ** 100 vitamin A from the 
spectroscopic estimations. 


Assay 

No. 

Substance assayed 

Assay of 
“100%*’ 
vitamin A, 
millions of 
units per g. 

IJmlts of error 
corresponding 
to twice the 
standard error 

4 

Mammalian L.O. I 

1-08 

0*83-1*41 

1 

Commercial C.L.O. cone. 1 

1'22 

0*91-1*64 

11 

Mammalian L.O. dilute solution 

1-22 

097-1*54 

21 

Mammalian L.O. -f C.I-i.O. cone, (ii) 

1-30 

0*97-1*91 

6 

Mammalian L.O. unsap. 

1-41 

1*00-1*99 

19 

Mammalian L.O. Ill 

1-42 

0*99-2*04 

20 

Mammalian L.O. + C.L.O. cone, (i) 

1-53 

1*06-2*20 

23 

Commercial C.L.O. cone. II 

1*54 

1*18-1*86 

3 

Fish-liver oil “A” 

1-54 

1*13-2*10 

22 

Tunny -liver oil 

1*07 

M3 -2*48 

13 

Halibut -liver oil 

1-82 

1*27-2*62 

12 

Vitamin A distillate 

1-84 

1*46-2*33 

18 

Mammalian L.O. 11 

1‘85 

1*32-2*60 

24 

Crude C.hX). 

1-80 

1*39-2*48 

10 

llnsap. from C.Ta.O. IV, prep. 1 

1*87 

1*35-2*60 

14 

Unsap. from C.L.O. IV, prep. 2 

1-89 

1*45-2*46 

6 

C.L.(). 1 

1-89 

1*49-2*39 

9 

C.L.O. IV 

209 

1*61-2*71 

2 

(i.L.O. 

2-22 

1*75-2*81 

7 

C.L.O, n 

2-35 

1 •86-2*97 

15 

Liver oil from Thyrsites atun 

2-7 

1*99-3*66 

8 

C.L.O. “X” 

2-9 

2*08-403 


The distribution of the assays calculated to “pure vitamin A “ and their errors 
calculated as times the standard error, are shown diagrammatically in Fig. 2. 



Fig. 2. Biologioal assays extrapolated to “pure vitamin A** from the spectroscopic estimates of the 
percentage present. The significance of the letters and the numbers is the same as in Fig. 1, 

The logarithmic; mean of the assays calculated to “pure vitamin A’' is 
1-73 million units per g. The standard deviation of the logarithm of this value 
is 0‘1098, and thus the limits of error of the spectroscopic value as an estimate 
of the biological assay are calculated as 60*3-165*8 % of the found value. 

Correlation of Blue value and extinction coefficient at SZSmjji, 

The values of the ratio Blue value/extinction ooeiBEicieni are arranged in 
ascending order in Table IV. 




DETERMINATION OP VITAMIN A 


1653 


Table IV. Valites of the ratio Blue 

b.v./e. 

Mammalian L.O. 1 

34*4 

Fish-Uver oU “A” 

38*6 

C.L.O. I 

42*3 

C.L.O. ‘‘X’’ 

42*3 

C.L.O. II 

44*0 

Mammalian L.O. unsap. 

44*0 

Commercial C.L.O. cone. I 

44*1 

Mammalian L.O. dilute solution 

44*4 

C.L.O. IV 

45*5 

C.L.O. “Z*’ 

47*6 


valuej extinction coefficient at 828 mfi, 

B.V./E. 


Mammalian L.O. Ill 49*3 

Halibut-Uver oil 62*5 

Tunny -liver oil 52-5 

Crude C.L.O. “B” 53-2 

Mammalian -t-C.L.O. cone, (ii) 53-5 

Mammalian 4* C.L.O. cone, (i) 63*7 

Mammalian L.O. II 66*9 

Commercial C.L.O. cone. II 59-9 

Liver oil from Thyrsxies atun 60*9 

Vitamin A distillate 61*3 


The logarithmic mean of these values is 48*5, and the standard deviation of 
the logarithm is 0*0683. The limits of error of the Blue value as a means of 
predicting the extinction coefficient that will be found are 73-137 % of the 
found value (twice the standard error of a single determination with one sample). 

If it is assumed that Blue value and extinction coefficient at 328 m/x are 
really measures of the same thing, the error calculated above represents the sum 
of the independent errors of the Blue value and the extinction coefficient deter- 
minations. It will be somewhat greater than the sum of the errors of the Blue 
vahie determination and the spectroscopic estimates, since the latter take into 
account the absorption of the blue solution as well as the absorption at 328 w/x. 

The possible sources of error are: 

(i) Instrumental, viz. from ±3 % in routine spectrophotometry to ± 10 % 
in Lovibond readings. 

(ii) Failure to effect 100 % recovery of vitamin A in the unsaponifiable 
fraction. This source of error is not significantly operative in careful work. 

(iii) The presence of substances other than vitamin A absorbing in the near 
ultraviolet and remaining in the unsaponifiable fraction. This source of error is 
normally of no consequence, but in certain preparations of crude oils and 
mammalian extracts, a real difficulty arises. 

(iv) The depth of blue colour in the antimony trichloride test may be subject 
to variations depending on the exact composition of the reagent, and the 
personal factor in matching a somewhat variable blue tint against standard 
Lovibond glasses may be a further source of error. 

(v) In the colour test, inliibitors may not be completely eliminated from 
the unsaponifiable extract. 

(iii) and (v) operate in opposite senses, but the main conclusions of this 
paper are the same, whether the biological assays are compared with colour 
tests or with ultraviolet absorption. 

The most significant source of error, when it occurs, is (iii) {vide infra). 


Allowance for the errors of the biological assay y the Blue value and the 
spectroscopic estimate in the above correlations. 

The following values of the standard errors of the logarithms of ratios and the 
limits of error of one variable estimated from another have already been calculated : 


Table V, 


Ratio KlY 
(11 Aseiay/Blue value 

(2) Assay/soeotroBcopio eBUmaite 

(3) Blue value/extiuotion ooeffioieut 


Standard deviation 
of the logarithm 
A 

0*117 

0*1(>9S 

0*0683 


Limits of error of X 
predicted from Y 
(2A range %) 

58*3-171*4 

60*3-165*8 

73*0-137*0 

106—2 
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The error of the biological assay has been dealt with iix the paper describing 
the technique [Morgan, R, S., 1934]. The limits of error given there have been 
substantially confirmed by subsequent data, and the value of the standard error 
of the logarithm of an assay with 11*2 pairs of male rats in a 3-week test (the 
average number used in this series) is calculated as 0*064. This figure is calcu- 
lated from the variation in the difference of the squares of growth of animals 
receiving doses of vitamin A in the ratio 2/1 and gives an overestimate of the 
average error, since the ratio of the doses of vitamin A supplied by the standard 
and the test substance was generally much nearer 1/1. (This point is discussed 
in the paper referred to above.) The amount of variation in the ratio assay /Blue 
value that is due to the error of the biological assay may now be allowed for, 
by subtracting the logarithmic variances, thus : 

of assay /Blue value— A^ of assay =A^ of vitamin A potency/Blue value 
0*01372 - 0*0041 = 0*00962. 

A of vitamin A potency/Blue value = \/0*00962 = 0*0981. 

The limits of error corresponding to twice this value are 63*6-157*1 %. This 
gives the error of the found Blue value as an estimate of true vitamin A potency. 
In the same way the logarithmic variance of the ratio vitamin A potency/ 
spectroscopic estimate is calculated as 0*00794, giving the standard error of tlie 
logarithm as 0*0891, and limits of error of 60*5“150*8 % . 

Since the logarithmic variance of the found Blue value, as a measure of 
vitamin A potency, exceeds that of the spectroscopic estimate, as the same 
measure, by 0*00962 — 0*00794=0*00168, it may b^) assumed that the logarithmic 
variance of the Blue value determinations exceeds that of the extinction coeffi- 
cient determination by the same amount. Thus the variajice of thi? ratio 
triie/found extinction coefficient may be calculated as 

(0*06832 - 0*00168)/2 = 0*0015, 
and the variance of the ratio true/found Blue value as 

0*0015 + 0*00168 = 0*00318. 

If all the above values are adjusted for the number of observations, the 
values given in Table VI are obtained. 


Table VI. Variation in ratios of biological ^ chemical and 
physical assays of vitamin A . 


Ratio Jf/y 

Assay /Blue value 
Assay /ftjiectroscopic estimate 
Blue value/extinction coefficient 
Assay (i.c, vitamin A potenc-y /Growth of animals) 

Vitamin A potency /found Blue value 
Vitamin A potency /spectroscopic estimate 
True/found Blue value 
True/found extinction coefficient ’ 

Vitamin A potency /true Blue value | 

Vitamin A potency/true extinction coefficient ) 

(In calculation of the above figures, the error of the spectroscopic estimiiFte has been taken as 
equal to that of the dc^termination of the extinction coefficient at 328 m/ 4 ,.) 


4A® 

X predicted from Y. 
Range within which 

adjusted 

21 out of 22 obser- 

for No. of 

vations will lie 

observations 

% 

0*06126 

56*6-176*8 

0*05382 

58*6-170*6 

0*02126 

71*5-139*9 

0*01636 

74*6-134*3 

0*04490 

61*3-162*9 

0*03746 

64*0-166*2 

0*01435 

76*0-131*7 

0*00691 

82*5-121*2 

0*03055 

06*9-149*6 
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Thus, even after allowing for the computed errors of the biological and the 
chemical or physical assays, the value of the ratio vitamin A potency /Blue 
value or extinction coefficient covers a range of about 2 to 1; the observed 
variation cannot be accounted for by the known errors of the biological, 
chemical or physical assays. 


DiscussroN. 

The values of the individual assays extrapolated to “pure vitamin A” from 
either the Blue values or the spectroscopic estimates cover a range of about 
2*7 to 1. It has boon shown that many of the assays differ significantly from 
one another, and that even after allowing for the computed errors of the tests, 
a range of about 2 to 1 remains to be accounted for. Further evidence that this 
discrepancy is a real one is obtained from consideration of two assays which were 
earri(?sd out at the same time and both repeated after an interval of G months. 
The U.S.P. reference oil dated June, 1933 (Oil ‘"X”), was assayed in February, 
1934, at 2840 units per g. The Blue value was 67, indicating the presence of 
0*084 % *‘pure vitamin A”, and the spectroscopic estimate was 0*098 %. 
A second biological assay was made in September, 1934, and a value of 2468 units 
per g. was obtained (87 % of the original value) ; the Blue value had fallen to 
62*5 (93 % of the original value) Thus the second assay may be regarded as 
a confirmation of the first. 

The dilute solution of mammalian liver oil (Assay No. 11) had a Blue 
value of 04, indicating the presence of 0*08 % of “pure vitamin and 
the spectroscopic estimate was 0*09 % . It would therefore be expected to 
have about the same potency as the cod-liver oil, Oil “X”, but the assay (in 
February, 1934) was 1060 units per g., only 37 % of the potency of Oil “X^’. 
When the assay was repeated in September, 1934, the value obtained was 
1140 units per g., a confirmation of the first value, and the Blue value had 
not fallen. 

Examination of Tables II and III and Figs. 1 and 2 shows that the highest 
values of the assays calculated to “pure vitamin A’' are generally those of 
cod-liver oils of medicinal grade, and that the lowest values are those of 
mammalian liver oils and commercial cod-liver oil concentrates. Potent fish- 
liver oils occupy an intermediate position. These observations might suggest 
the following possibilities : 

(i) That the vitamin A of cod-liver oil undergoes a loss of activity on 
saponification not associated with any change in its ultraviolet absorption or 
chromogenic properties. 

(ii) That the Blue values and extinction coefficients of the medicinal grade*, 
cod-liver oils have been grossly underestimated because of failure to effect 
complete recovery of vitamin A in the unsaponifiable fractions prepared for 
the determinations. 

(iii) That the extinction coefficients of the mammalian liver oils and com- 
mercial cod-liver oil concentrates have been grossly overestimated because of 
the poor persistence^ of the 328 m/a absorption band. 

1 328w/z on another sample of the same oil has recently (April, 1935) been foimd to 

be 1*33 (i.e. 84 % of original value). 

* Fersiatence is token as the difference between the absorption intensities at 328 Wft (the 
maximum or head of the vitamin A absorption band) and at ca, (the minimum in the 

same curve). In a normal unsaponifiable fraction the persistence is approximately 60-70 % ot 
the value at 328w/i. 
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It does not appear likely, however, that the observed variation in the assays 
calculated to ‘‘pure vitamin A” can be accounted for by these causes. The 
following comments on each possibility may be made : 

(i) The cod-liver oil “B”, used in the preparation of commercial cod-liver 
concentrate II, gave an assay calculated to “pure vitamin A“ close to the 
mean of the whole series and lower than that of any of the medicinal grade 
cod-liver oils. Preparations of unsaponifiablc matter from two of the oils of 
medicinal grade gave assays, calculated to “pure vitamin A higher than those 
of any oils except the medicinal oils and the liver oil of the fish Thyrsites aiun. 

(ii) To reduce the average assay, calculated to “pure vitamin A’^ of the 
five cod-liver oils at the end of Table IV to the average of the whole series, it 
would be necessary to assume a 24 % loss of vitamin A in the extraction of 
the unsaponifiable matter for the extinction coefficient determination. For these 
oils, however, the average ratio of the extinction coefficient determined directly 
to that determined via the unsaponifiable matter, was 1/0-87, t.e. the combined 
effects of (a) any loss of vitamin in the extraction process, and (6) the elimination 
of substances, other than the vitamin, capable of contributing to the gross 
absorption at 328 m/x account for a difference of only 13 %. Tests with richer 
oils show that (6) is reduced to negligible dimensions by the technique here 
used. The feeding experiments referred to above, with unsaponifiable fractions 
of two of the oils, furnish further evidence that the Blue values and extinction 
coefficients of cod-liver oils determined via the unsaponifiable matter are not 
likely to suffer from any considerable error that does not affect direct deter- 
minations made on potent oils and concentrates. Two experiments were made 
with Cod-liver oil IV, and one with Oil “X”. For these experiments, about 
10 g. of the cod-liver oil were saponified and the unsaponifiable matter was 
extracted with peroxide-free ether (distilled after standing over soditim wire) ; 
an aliquot part of the ether extract was taken for the determination of Blue 
value, and the remainder was mixed with arachis oil containing quinol and 
freed from ether by evaporation in a stream of carbon dioxide or nitrogen. The 
determination of the Blue value of an aliquot part of the unsaponifiable matter, 
without addition of arachis oil, showed that the recovery was about equal to 
that obtained in the routine determination of Blue value via unsaponifiable 
matter. The arachis oil solution of unsaponifiable matter was then fed in com- 
parison with the original oil and the percentage recovery of vitamin A deter- 
mined from the comparative growth responses. In the first and third experiments 
the animals were divided into litter-mate triads, one of each triad receiving the 
standard, another receiving the oil and the third receiving the unsaponifiable 
matter; in the second experiment, the standard was omitted. The respective 
assays showed recoveries of 89-4, 90*5 and 87 % (all within the limit of 13 % 
loss indicated by the comparison of extinction coefficients determined directly 
and via the unsaponifiable matter), but the recoveries were probably rather 
betttjr than these, for in the first two experiments there was some loss of Blue 
value on storage of the arachis oil solution of the unsaponifiable matter. 

(iii) In some of the commercial cod-liver oil concentrates and mammalian- 
liver oils, the 328 m/x band showed poor persistence or was entirely masked by 
other more intense absorption further in the ultraviolet. This absorption was 
not eliminated by saponification and cannot at present be accounted for. 
Generally, the ultraviolet results were in satisfactory agreement with the ex- 
tinction at 620 mja; in cases of appreciable discrepancy the latter values were 
taken in extrapolating to “pure vitamin A*'. It must not be overlooked, 
however, that the substance(s) responsible for the extraneous absorption in the 
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ultraviolet, although possibly biologically inactive or less active than vitamin A, 
may yet conceivably be chromogenic towards antimony trichloride in a similar 
manner to vitamin A and so account for the unusually low values extrapolated 
from both the ultraviolet and colour test figures. There is some evidence that 
the 583m)Lt band is stronger than usual whenever the ultraviolet absorption is 
anomalous. 

It will be observed that the biological assays are expressed in terms of 
International Units, the 1931 standard carotene having been used as reference 
substance. This material, according to physical tests, contained about 68 % of 
carotene, the remainder being probably impurities or decomposition products. 
The 1931 standard might thus be expected to show about two-thirds of the 
activity of pure /3-carotene. This is in good agreement with the observation 
reported to the 1934 League of Nations Commission that 0*6y /5-carotene was 
biologically equivalent to ly of the 1931 standard preparation. The redefinition 
of the International Unit in terms of 0*6y pure /3-carotene, thus involves 
1'66 X 10® i.u. per g. for /3-carotene. 

A simple calculation is here instructive. If the reaction : 

/3-carotene vitamin A 

proceeds cjuautitatively in vivo in the avitaminotic rat, 536 parts by weight of 
jS-carotene yield 572 parts of vitamin A, and if this vitamin A is responsible 
for the growth effect, wo have : 

1 g. /3-carotene 1*067 g. vitamin As 1*66 x 10® t.u. per g. 

Hence 1 g. of vitamin A (corresponds, on this basis, to 1*56 x 10® i.u. 

Now let us consider the vitamin A distillate (No. 12 in Table I) containing 
70 % of vitamin A by the physicochemical assays. The potency in i.u. observed 
ill different laboratories leads to a value very near to 1*3 x 10® i.u. per g., corre- 
sponding to 1*86 X 10® l.l^ per g. for the pure vitamin. This result suggests that 
the conversion of carotene into vitamin A is substantially quantitative in vivo, 
at the experimental dosage used. 

The whole validity of the carotene standard rests upon the assumption of 
a constant efficiency in this conversion, and if the basis of the redefinition of 
the international standard is borne in mind, there is little room for doubt that 
the reaction can be quantitative at the levels of dosage used in vitamin assays. 
This is supported by the fact that /3-carotenc, which from its structure can 
yield two molecules of vitamin A, is twice as active as a- carotene, which can 
yield only one. 

If now we turn to Oil '‘X”, emphasis must be laid on the excellent agree- 
ment between the spectroscopic colour test and ultraviolet absorption, both 
carried out on the unsaponifiable extract. The percentage vitamin A is 0*098 
to within ± 2 % . The biological assay rests on as rich a body of data as any 
vitamin A assay yet made, namely nine assay^s carried out in U.S.A. (mean 
3000 I.u. per g.) and several concordant assays in this country. If we accept 
the figure given in this work, namely 2840 i.u. per g,, the calculated figure for 
100 % vitamin A must be 2*9 x 10® i.u. per g. This is so much higher than 
the theoretical value of l*56x 10® i.u. per g. as to be outside the known range 
of experimental error. 

There seems, therefore, to be no escape from a real discrepancy, which does 
not appear to be due to biological differences between vitamin A as an alcohol 
and vitamin A as an ester. The simplest assumption is that cod-liver oil “X’* 
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contains a biologically active substance distinct from the vitamin A which is 
usually associated with the formula CgoHggOH. 

It is not unlikely that in the decomposition of vitamin A, biological activity 
may disappear earlier than selective absorption and chromogenic power. Al- 
though the inactive substances formed might show selective absorption and 
chromogenic power dilfering qualitatively from those shown by the original 
active substance, they might interfere with the measurement of the absorption 
and chromogenic power of any active substance with which they were admixed and 
thus lead to an anomalous physical assay erring on the high side. A physical assay 
lower than would be expected from the biological assay, cannot be accounted for 
in this way. 

Note, on a paper by Laihhnry [19 M], 

Since a recent paper by Lathbury reports work similar to that described in 
the present paper, but gives conclusions somewhat different from those arrived 
at here, it is necessary to consider it in some detail. Her technique differed 
from ours in the following particulars : 

(i) A quantitative intt^rpretation of the biological tests, based on the actual 
growths of the animals, was not attempted. The standard and the oil to be 
examined were each fed at two levels, and if the giowths produced by the 
comparative doses were of the same order, the standard and test substance 
were considered to supply equal amounts of vitamin A at the levels fed. Th(" 
ratio assay /Blue value was usually a round numbe^r (40/1, 25/1 or 20/1) following 
apparently from the use of the Blue value as guide to dosage level. 

(ii) Blue values via th(‘ imsaponifiable matte^r w(U‘e determined by the 
method of Smith and Hazley 1 1930] in which chloroform is used to extract the 
unsaponifiable matter. 

(iii) Extinction coefficients of cod-liver oils were determined directly instead 
of via the unsaponifiable matter. 

For purposes of comparison, the values given in Tables IV and \ in 
Lath bury ’s paper have been conve^rted into the form in which the data of this 
paper are presented, those assays which are given only as limits being omitted. 

Assay extrapolated to 
‘‘pure vitamin A” 

(mUiions of units per g.) 



From the 

From 


Blue value 

E 

Liver oil A 

3-20 

(0*64)* 

Z 

3*20 

2*00 

G 

3-20 

1*84 

B 

3-20 

2*73 

X 

3*55 

2*26 

y 

3*58 

1*76 

Logarithmic average (omitting oil A) 

3*34 

2*09 

(Concentrate E 

1-dO 

1*68 

F 

1*(K) 

1*42 

J 

1*60 

— 

K 

1*60 

1*69 

Q 

1*60 

1*60 

D 

2*00 

2*33 , 

N 

2*00 

2*00 

R 

2*00 

2*09 

Logarithmic average (omitting cone. J) 

1*76 

1*81 


• ©xtmcUon coefficient of oil A is given as 0*8. This value is abnormally high because of 
the mtencimg enect of absorbing substances which can l)e removed by saponification. The nett 
value, via the unsaponifiable matter, determined by one of us (J, R. E.) was 0-36, 
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The extreme variation in the assays extrapolated to ‘‘pure vitamin A*’ from 
the Blue values, is from 1*0 to 3-58 million units per g. The values calculated 
from the data on cod-liver oils are generally higher than those obtained in the 
present work, but this can be attributed to the difference in the techniques of 
determining the Blue value via the unsaponifiable matter. The use of other 
instead of chloroform for extracting the unsaponifiable matter usually results 
in higher Blue values being obtained, because destruction of vitamin A by 
chlorofdrm during the concentration of the extract is avoided. 

The extreme variation in the assays calculated to “pure vitamin A” from 
the spectroscopic data is from b42 to 2-73 million units per g., compared with 
108“2-9 in the present work. The mammalian-liver oils and commercial cod-liver 
oil concentrates, however, are not ro])resented in Lathbury’s scuies, and if they 
are omitted from the present series, the extreme variation is l*54-2-9. It is not 
possible to calculate whether the substantial variation in Lathbury’s series is 
significant of a real discrepancy, since, data for the sampling error of the bio- 
logical assay are not available. The average value for the oils (2*09 million units 
per g.) is slightly higher than that calculated for the coiK^entratos (1-81 million 
units per g.), and pr(‘sumably if the extinction coefficients of the oils had been 
determined via the unsaponifiable fractions, the average value for the oils would 
liave b(H*n raised to about 2-4 million units per g. 

Thus Lathbury confirms a discrepancy betwtien biological assays and Blue 
values, and her results cannot be held to exclude the existence of the discrepancy 
Ix^tween biological and physical assays noted hero. 

There is a very close agreement between the average assays of concentrates 
calculated to “pure vitamin A” in Lathbury’s series and the average assays 
calculated for all oils examined in the present work: 

Assays extrapolated to 
“pure vitamin A’“ 

(millions of units per g.) 

r ^ \ 

From From 

Blue values spectroscopic data 

Lathbury’s (concentrates 1*76 1*81 

All oils in the present work 1*77 1*73 

Summary. 

Biological aKSsays for vitamin A, Lovibond Blue values, and spectroscopic 
estimates of the percentage of vitamin A (CaoHgeOH) present, are given for a 
series of 22 oils and concentrates covering a range of potency of 530 to 1,290,000 
international units per g. 

From the assay of each substance, and the physicochemical tests made, the 
potency of “100 %” vitamin A has been calculated, the characteristics of the 
rich concentrate described by Carr and Jewell [1933] being accepted as those 
of the pure substance. 

The assays so expressed vary from 1*23 to 3-38 million units per g. when 
calculated from the Blue values (mean 1*77), and from 1*08 to 2*9 million units 
per g. when calculated from the spectroscopic estimates (mean 1*73). This 
variation is greater than can be accounted for by the known errors of the assays 
and the physicochemical measurements; allowance for these errors leaves a 
range of variation from 67 to 150 % of the mean value to be accounted for. 

Generally the highest values are given by cod-liver oils of medicinal grade. 
The highest of all in the series examined was given by the XJ.S.P. reference oil; 
this has been assayed in several other laboratories and the results are in close 
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agreement with that given in the present work. Evidence is presented that the 
high values obtained are not due to gross underestimation of the Blue values or 
the spectroscopic absorptions. 

From the recent redefinition of the unit of vitamin A as the activity of 0'6y 
of j8- carotene^, it is calculated that if ^-carotene is converted efficiently into 
vitamin A at the levels of dosage used in assays, the potency of pure vitamin A 
would bo 1*56 million units per g. ; this is of the same order as the mean for 
the whole series of oils and concentrates examined in the present work. Values 
lower than this might be accounted for by the presence of biologically inactive 
material showing selective absorption and chromogenio power; but values signi* 
fioantly higher suggest the existence of a biologically active material without 
selective absorption or chromogenic power, or with these characteristics much 
weaker than in the vitamin CgoHggOH. 

One of us (J. R. E.) is indebted to the Medical Research Council for a full 
time personal grant. 

The biological assays reported in this paper were made in the Research 
Department of Lever Brothers, Limited; the spectroscopic work was carried 
out in the Chemistry Department of Liverpool University. One of us (R. S. M.) 
is responsible for the statistical analysis. 

^ According to recent experiments in these laboratories (i) the absorption intensity of pure 
j3-carotene (from grass) is to the absorption intensity of 1934 standard carotene as 100:86, and 
(ii) the comparative feeding values of 1934 standard carotene and 1931 standard carotene are in 
the ratio 1 1934 unit (O Oy of 1934 carotene) =0*86 1931 unit (0-86y 1931 carotene). Thus by 
compensation of errors, 0*6y pure carotene 1 1931 unit. 
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CXCIX. THE METABOLISM OF GALACTOSE. 

I. PHOSPHORYLATION DURING GALACTOSE 
FERMENTATION AND ITS RELATION TO 
THE INTERCONVERSION OF HEXOSES. 

By GORDON ALLISON GRANTS 
From the Biochemical Department^ the Lister Institutey London. 

{Received June Isty 1935,) 

Whilst the mode of metabolism of glucose by the animal cell has been the subject 
of numerous investigations during the past fifty years, little has been contributed 
which would elucidate the path of metabolism of galactose, also a normal con- 
stituent of the mammalian organism. 

The investigations of Draudt [1913] and of Fischler [1925] suggested that the 
liver was the site of the preliminary alterations concerned in the metabolism of 
galactose. Draudt found that in animals with Eck-fistulas, 79 % of orally 
administered galactose was excreted in the urine as compared with 4-10 % 
before the operation. Mann and Magath [1924] reported that the resuscitating 
action of this sugar when injected into dehepatised animals was very slight. 
Bollmann et al, [1936] find that though the utilisation of galactose is definitely 
impaired by hepatectomy, appivciable amounts appear to be metabolised even 
in the absence of the liver. In amounts of 0-5 g. per kg. body weight, the pro- 
portions are 30 % excreted in the urine, 30 % converted into glycogen in the liver, 
while the remaining 40 % seems to be metabolised by the extra-hepatic tissues. 

Galactose is only converted into glycogen at a slow rate in the animal organism 
[(Jori, 1920], and this glycogen upon hy^olysis yields not galactose but glucose 
[Haring et a/., 1934]. The hexose possesses a limited rate of utilisation which is 
but little influenced by the type of diet, by fasting, or by such hormones as 
insulin, thyroxine or adrenaline, factors powerful in affecting the assimilation of 
glucose and fructose [Wierzuchowski d, al,, 1931 ; Harding and Grant, 1932-33]. 
It is of little value in preventing the onset of insulin convulsions [Macleod and 
Noble, 1923; Voegtlin et oZ,, 1924-25 ; Roe and Schwartzmann, 1932], unless fed 
for some time previously to the administration of the insulin [Moschini, 1924]. 
Even in the latter case its effect is very limited. In the normal individual 
[Kosterlitz, 1933; Harding and Grant, 1932-33] and in the diabetic [Roe and 
Schwartzmann, 1932; Kosterlitz and Wedler, 1933], an increase in the blood 
glucose may follow the ingestion of galactose. Poliak and Selinger [1933] claim 
that insulin increases the assimilation of galactose, and Poliak and Peh6r [1933] 
suggest in explanation that a concomitant glucose metabolism improves galac- 
tose assimilation* Recently Roe and Cowgill [1936] obtained evidence of in- 
creased glucose in the blood flow from the liver of animals which were meta- 
bolising galactose. Definite increases in blood glucose were only observed after 
an hour from the time of galactose administration, a sufliciently long interval for 

* Beit Memcdal Research Fellow. A considerable portion of this investigation was carried out 
during the tenure of a Royal Society of Canada Research Fellowship. 

( 1661 ) 
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glycogen formation to be in active progress. Moreover, in those experiments with 
well-fed animals, increases in blood glucose may easily be attributed to glyoo- 
genolysis of preformed glycogen. These investigators also found little evidence of 
the metabolism of galactose by the brain, as judged by the absence of a well- 
marked arterial- venous dilTerence during the galactaemia. Ashford [1933] has 
obtained evidence of the production of lactic acid from galactose by brain tissue. 
It is known that galactose is rapidly changed into its intermediary metabolites 
since, when orally administered in moderate amounts, it disappears from the 
tissues, as free sugar, within three hours from the time of its ingestion [Harding 
et ah, 1934]. Small rises take place in the glucose of the tissues during galactose 
metabolism but these are too small to be interpreted, by themselves, as evidence 
of a direct galactose glucose conversion. 

Galactose is apparently metabolised in two ways by the animal organism, a 
portion being slowly oxidised by the tissue cells generally and the remainder 
converted into glycogen in the liver and subsequently utilised as glucose. No 
investigations yet reported offer definite evidence of an immediate direct con- 
version of galactose glucose in the living tissues, under conditions which would 
pn^clude previous formation of glycogen as the precursor of the glucose. 

The metabolism of galactose by the yeast cell. 

The yeast cell was chosen as perhaps offering the simplest method of approach 
to the ijroblem of the mode of metabolism of galactose. The striking correlation 
between the carbohydrate metabolism of muscle and yeast is too well known to 
require further comment. Numerous researches have emphasLsed the importance 
of phosphorylation in the intermediary’^ metabolism of glucose, fructose and 
mannose by the yeast cell, but the question of its relation to galactose metabolism 
has received comparatively little attention. 

Previous researches have established the fact that yeastvs which nonnally 
possess only slight ability to ferment galactose can be adapted, by repeak^d 
culturing, to ferment this hexose with greatly increased velocity [see Lippmann, 
1884; Dienert, 1900; Armsti*ong, 1905; Slator, 1908]. It has been suggested that 
the process of adaptation only occurs during active production of new cells 
[Sohngen and Coolhaas, 1925; Euler and Nilsson, 1925]. 

Harden and Norris [1910] found that a fermenting mixture of yeast-juice 
(from an adapted yeast) and galactose reacted with added phosphate in a similar 
manner to ordinary yeast- juice and glucose, though a much longer time was 
necessary. The rate of COg formation was accelerated, an extra amount of COg 
equivalent to the phosphate added was evolved and the rate then again became 
normal. The phosphate was converted into an organic form not precipitable by 
magnesium citrate mixture. Later Nilsson [1930] returned to the problem and 
was able to isolate from the products of the fermentation of galactose by a 
sample of dried adapted yeast, a diphosphoric ester which in its elementary 
analysis and specific rotation closely resembled the hexosediphosphate formed 
during the fermentation of glucose, finctoso and mannose. He also obtained a 
monophosphate fraction which in its impure state had a specific rotation much 
higher than that of the Robison ester formed in glucose fermentations. More- 
over, an attempt to purify it further by crystallisation of its bnicine salt was 
unsuccessful. Wliether the ester was a derivative of glucose or of galactose was not 
investigated. 

In the present investigation, additional evidence has been produced that the 
diphosphate formed during the fermentation of galactose by various preparations 
of a yeast adapted to ferment this sugar, is the l;6-diphosphofructofaranose. 
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From the monophosphate fraction trehalosemonophosphate has been isolated. 
There was no evidence of the occurrence of a galactosephosphoric ester. The 
polysaccharides built up during the metabolism of galactose yield upon hydro- 
lysis, not galactose but almost entirely the normally fermentable sugars, glucose, 
fructose and mannose. 

Synthetic galactose-C-phosphate was not fermented by an active juice from 
the adapted yeast. 


EXPERIMENTAL. 

Adaptation or yeasts to ferment galactose. 

A re-investigation of conditions favourable for the adaptation of certain 
yeasts to ferment galactose with increased velocity has been made. It was found 
impossible to obtain an active preparation with English brewer's toj) yeast using 
Nilsson's method [1930] of bulk adaptation. Aerobic growth on galactose-, 
glucose-, or hydrolysed lactose-agar flats was found unsatisfactory. S. marxianus 
was tried, but was found to be a slow grower and poor fermenter, even after 
several months’ adaptation. 

Rc'peated subculturing for several months of either English brewer’s toj) 
yeast, or Frohberg bottom yeast, in a medium of 3 % galactose ^ in yeast extract 
-f 0*6 % KH2PO4 proved satisfactory. Such adapted yeasts fermented galactose 
at 80-100 % the rate for glucose. The most active preparations were obtained 
when the crop was removed 3-4 days from the time of inoculation. The yield of 
yeast varied from 8 to 10 g. per litre of medium. Varying the between 4 and 6 
had no eflect upon the growth or fermentative powers of the yeast. 

Fermentation of galactose by preparations of the adapted yeast. 

For the investigation of the phosphorylated products formed during the 
fermentation of galactose, three preparations were employed, (a) fresh yeast in 
the presence of toluene, (6) yeast-juice, (c) dried yeast. At the beginning of the 
fermentation, or at appropriate intervals during its course, inorganic phosphate 
was added {O bM K^HP04 or Na2HP04t in M galactose solution) and the rate of 
esk^rification was followed by estimating the inorganic phosphate at intervals; 
the rate of formation of CO2 was also measured. 

The general method of Robison and Morgan [1930] was used for the isolation 
and separation of the neutral barium salts of the phosphoric esters formed. The 
crude diphosphate, precipitated by adjusting thepjj to 8*4 with hot concentrated 
baryta, was purified by repeated precipitations of its acid salt with four volumes 
of 96% alcohol. 

The basic lead salt of the crude monophosphate was decomposed with 
sulphuric acid and converted into the neutral barium salt. The small amounts of 
diphosphate still remaining were separated by extracting this monophosphate 
fraction with 10 parts of 10 % alcohol, filtering and precipitating the mono- 
phosphate (soluble B) with 2*5 volumes of 96 % alcohol. 

Table I shows : the type of preparation used, the period, total COg production 
and the total amount of phosphate and sugar added in the different fermenta- 
tions. 

* Kerfoot's second q^uality galactose, which contained some glucose was used. 

t Axjialytical reagent, since commercial grades may contain sufticient fluoride to ii>hibit 
fermentation. 
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Table I. FermetUcHion and phosphorylation of galactose by 
preparations of adapted yeast. 

% of total* 
eater P in the 


Total additiona 



Time 

^ > 

Galactose 

Phosphate 

Phosphate 

estenfled 

di- mono- 

phosphate phosphate 

Total 

CO, 

Exp. Yeast preparation 

hours 

millimols. 

millimols. 

millimols. 

fraction 

fraction 

millimols. 

Fresh yeast + toluene : 

1 l^Yohberg (115g.) 

8 

300 

51 

48 

06 

34 

250 

2 Frohberg (131 g.) 

16 

300 

82 

51 

83 

17 

— 

3 English mild ah* (137 g.) 

8 

320 

69 

05 

78 

22 

220 

Y'oast-juice: (English mild 
top yeast) 

4 26 ml. from 210 g. 

4 

65 

17 

12 

70 

30 

25 

5 135 ml. from 460 g. 

4-5 

267 

60 

28 

84 

16 

73 

(> 85 ml. from 310 g. 

3-5 

289 

25 

22 

68 

42 

27 

7 80 ml. from 250 g. 

3-5 

289 

33 

32 

81 

19 

32 

8 175 ml. from 460 g. 

3-5 

278 

83 

80 

88 

12 

60 

9a-<i 4Dttil. each: 

a Autofermentation 

5 

0 

0 

2*3t 

90 

10 

7*9 

h Autofennentation 

5 

0 

14-7 

5*2 

84 

16 

11*3 

+ inorganic phosphate 

c Galactose fermentation 

5 

100 

19-0 

20*1 

89 

11 

28*1 

d Glucose fermentation 

6 

133t 

33-9 

37*9 

68 

32 

49*3 

10 a-4 8 ml. each: 

a Autofennentation 

3 

0 

0 

0*9 

77 

23 

2*0 

h Aiitofermentation 

3 

0 

3*0 

1*8 

82 

- 18 

2*9 

+ inorganic phosphate 

c Galactose fermentation 

3 

8 

3-0 

3*8 

75 

25 

5*8 

d Galactose-C-piiosphate 

3 

0 

3*0 

8*8 

21§ 

79 

2*9 

(8 millimols.) fermentation 

11 a-d Dried yeast+ toluene 

10 g. each: 

a Autofennentation 

5-5 

0 

0 

3*4t 

85 

15 

14*9 

h Autofermentation 

5-5 

0 

7*4 

2*7 

85 

16 

16*9 

+ inorganic phosphate 

c Galactose fennentation 25 

5*5 

55 

9*5 

12*2 

94 

6 

31*8 

,, „ „ 37*’ 

3*3 

44 

7*1 

6*6 

80 

20 

440 

d Glucose fermentation 

6*5 

84: 

25*2 - 

34*3 

83 

17 

51*0 


* Esterified phosphorus present at the be|?inning of the fennentatioii : Exp. t), 4*0 millimols. ; Exp. 11, 7*4 millimols. 

t Diphosphate fraction includes the organic P precipitated as insoluble barium salt in 10 % al(‘ohol at 8*4, It may 
contain phosphoglycerates. The monophosphate fraction represents the organic P remaining in the (iltrato from the above 
separation. It includes slight amounts of diphosphate, as well as organic P not precipitable by basic lead acetate. 

J Glucose milhinols. 

§ 8 milhtnols. ester P added in this fennentatioii. The actual amount of diphosphate {1-8 millimols.) is the same as that 
found in the control fermentation (10, &); 87-5 % of the added galactose-0-j)hospliato was recovered from the protein-free 
flit rate of the fermentation mixture. 


In the earlier experiments (1-8) attention was chiefly directed towards 
obtaining the maximum amount of fermenting complex and in certain instances 
(Exps. 4-8) resort was had to a second pressing of the yeast, after regrinding the 
yeast marc with a small quantity of water. This procedure had the disadvantage 
of introducing extra amounts of yeast polysaccharides into the juice. For this 
reason, the yeast juice from a single pressing was used in Exps. 9 (ohI) and 10 
(a-d), and suitable control fermentations (autofermentation alone and in the 
presence of added phosphate) were carried out uuder conditions similar to those 
for the galactosf.^ fermentations, Exp. 11 (a-d) shows a similar series of fermen- 
tations with a sample of the air-dried (25*^) adapted yeast. 

These yeast preparations fermented glucose rapidly giving a well-defined 
phosphate rate. They gave much lower rates of fermentation and phosphoryla- 
tion with galactose but these rates were considerably higher those attribut- 
able to the autofermentation, alone or in the presence ol added phosphate 
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(Pigs. 1, 2), ThuS} phosphoric estci^ accumulate during the fermentation of 
galactose in much larger amounts than can be derived from the reserve poly- 
saccharides in the yeast preparation used. 



J'ig. 1. Showing the rates of fermentation of glucose and of galactose by yeast-juice (40 ml.) from 
an adapted yeast (Exp.9,a-c/). (a)Autofermentation; (6) autofennentation + added phosphate; 
(c) galactose (100 luillimols.) fermentation; (d) glucose (133 millimols.) fermentation. (The 
dotted hues indicate the basal rate of fermentation in the absence of added phosphate.) 

Fig. 2. Showing the rates of fermentation of galactose and of galactose -6- phosphate by yeast- 
juioe (8 ml.) from an adapted yeast. (Exp. 10, a-d,) (a) Autofermeutation ; (b) auto- 
fermentation + added phosphate; (c) galactose (8 millimols.) fermentation; (d) galactose-O- 
phosphate (8 millimols.) fermentation. 


The propebtibs of synthetic galactosemonophosphoric ester. 

From the nature of the hexosemonophosphates formed during the fermenta- 
tion of glucose, fructose or mannose it might be inferred that, if a galactose- 
phosphate is formed, the phosphate group will enter position 6 in the galactose 
molecule. A galactosemonophosphoric ester has been prepared by Levene and 
iia3miond [1931] by the phosphorylation of diaoetonegalactose and subsequent 
removal of the acetone groups. Its method Of preparation and specific rotation 
were considered by Levene and Raymond to suggest that the synthetic mono- 
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phosphate obtained was galactose-6-phosphate. This ester has been synthesised 
in the present research and a further study of its properties made. In Table VI 
the analytical values of this ester are compared with those for the known natural 
hexosemonophosphoric esters. Its specific rotation is in good agreement with 
that previously reported by the above investigators. The Hagedom* Jensen 
(H. J.) value for the galactosemonophosphate is much lower than that of glucose- 
O-phosphate in agreement with the fact that galactose itself possesses only 73 % 
of the reducing value of glucose towards this reagent. The sugar obtained by 
hydrolysis of the ester with purified bone phosphatase was identified as galactose. 

Hydrolysis by N HCl at 100°. The rate of hydrolysis of the free ester in acid 
solution is shown in Table II. It is hydrolysed more rapidly than glucose-, or 
mannose-, but less rapidly than fructosc^-fi-phosphate [Robison, 1932]. 

Table II. Hydrolysis of synthetic galactosemonophospharic ester 
(0-01 M) in N HCl at 100°. 


Time 

hours 

Hydrolysis 

0 / 

/o 

k X 1()3 


1 

6-7 

0*43 


3 

14-6 

0'32 


5 

23-3 

0-38 


8 

35-7 

0-42 


11 

44-8 

0-37 


23 

73- 1 

0-43 


58 

94-2 

0‘32 

Average 0-38 


Phenylosazone. Synthetic galactosemonophosphoric esto when heated with 
phenylhydrazine in acetic acid solution, yielded a phospho-osazone which 
crystallised in small rosettes. (P, 5*52 % ; C24H31O7N6P requires 5*69 %.) It was 
reerystallised twice from boiling alcohol to which an equal volume of boiling 
chloroform was added, the solution being then left at O'’ for 24 hours; m.p. 
1 35-1 37 The formation of a phospho-osazone precluded the possibility of the 
phosphates being attached to carbon atom 1 or 2 of the hexose molecule. 

Formation of an insoluble rmihylphenylhydrazone. The galactosemonophos- 
phoric acid formed an insoluble methylphenylhydrazone when added to a 
solution of methylphenylhydrazine in glacial acetic acid at O'". Crystallisation 
began in less than an hour and was completed in three hours. The hydrazone, 
reerystallised three times from 80 % aqueous alcohol, yielded colourless needle- 
shaped crystals ; m.p. 134-136° (corr. ; temperature rise 6-8° per minute) . (Found, 
P, 6*34, 6*43 % ; CaoH3i08N4P requires 6*38 %.) By decomposition of the hydra- 
zone with benzalciehyde at room temperature the galactosemonophosphate was 
regenerated and isolated as the neutral barium salt. 

Galacjtosemonophosphate very closely resembles glucosemonophosphate in 
the solubility of its neutral barium, lead and basic le^ salts. The brucine salt 
crystallises readily from its aqueous alcohol solution in elongated hexagonal 
})lates. 

The separation of a galactosemonophosphate from the other esters (glucose-, 
fructose-, and mamiose-6-nionophosphate and trehalosemonophosphate) which 
might occur in the soluble B fractions of a galactose fermentation presents a 
problem of considerable difi&culty. The separation of the Robison ester into 
glucose- and fructose-monophosphates was only attained after a prolonged 
fractional crystallisation of the brucine salts [Robison and King, 1931]. 

The formation of the insoluble phosphomethylphenylhydn^i^one is therefore a 
valuable method for the detection of small amounts of galactosephosphoric esters. 
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The fermentation of galactose-G-phosphate, In Exps, 10, a-d, the fourth fer- 
mentation (10, d) is that of the potassium salt of the synthetic galactosemono- 
phosphate, equimolar with the galactose in the galactose fermentation of the 
same series (8 mihimols) . The results obtained indicated that the galactose-6- 
phosphate was not readily fermentable in conditions in which an active fer- 
mentation of galactose was observed, (Table 1.) 

The rate of fermentation of the ester (in the presence of added phosphate) 
was not great/er than that of the autoff»rmentation under similar conditions (Fig. 
2). The galactosemonophosphatc was not converted into a diphosphate but was 
reeovere(i unchanged in the monophosphatt^ fraction (Tables ill and VI). No 
evidence was obtained of the presence of a phosphohexokinase capable of 
converting the ga)actose-6-phosphate (Table VI) into an equilibrium mixture 
of aldose ketose estcTs, which would have a considerably decreased iodine 
value (28 %) and a much higher Schvanoff value (6 %). This change readily takes 
place with the monophosphates of the normally fermentable sugars, glucose, 
fructose and mannost*. 

This natuke of the phosphoric esters accumulating during 
THE fermentation OF GALACTOSE. 

The hexosediphosphate. 

It has been shown that the same hexosediphosphate is formed, whether the 
sugar undergoing fermentation by yeast preparations is glucosts fructose or 
mannose | Harden and Young, 1908; Young, 1909J. To this compound the con- 
stitution i :(i-diphosphofruetofuranose has been ascribed [Morgan and Robison, 
1928 ; Robison and King, 1 931 ; Le vene and Raymond, 1928 ; 1 931 ; Morgan, 1929] . 

The general analytical valiu'S for the neutral barium salts of the diphos})hate8 
formed in the galactose fermentations (Exps. 1 ; 2-8 ; 9, a-d ; 10, a-d), are given in 
Tabl<‘ III, 

Table III. Analyses of the neutral barium^ mlts of the diphosphoric esters 
formed during the fermerUatimi of galactose. 

Keduciiig power 

as glucose Fruct use 


Exp. 

Amount* 

g- 

P 

0 

/O 


> 

Iodine 

(Sehv^auoi!) 

'0 

Mza 

1 

40 

10*0 

11 

1*5 

8 

4 1*4 

2-8 

300 

10*0 

11 

2*1 

7 

4-4*2 


a Autofermentation 

0-6 

10*0 

11 

2*3 

7 

+ 4*0 

b Autofermentation 

0-8 

9*9 

10 

2*4 

6 

+ 4*6 

4- inorganic PO 4 

c Galactose farm. 

4*3 

9*8 

10 

2*6 

7 

4 4*1 

(1 Glucose ferm. 

5*9 

100 

10 

2*2 

7 

+ 4*3 

10 Or-d 

a Autofermentation 

0*2 

9*2 

9 

3*3 

6 

+ 5*5 

b Autofermentation 

0-4 

9*4 

8 

2*0 

6 

+ 4*8 

4 * inorganic PO, 

c Galactose ferm. 

0*7 

9*9 

11 

2*4 

6 

+ 3*9 

d Galactose-6*pho8phate 

0-4 

9*4 

11 

4‘7 

8 

+ 5*2 

fermentation 

1 :6-DiphoBphofruoto- 

, — 

10*0 

12 

P5 

9 

+ 20 

furanoseS 

As acid barium salt. 







Determined with the addition of 0*5 ml. NaOH. 
In acid solution. § Maoleod and Robison [1033], 
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In Exps. 1 and 2-8 the diphosphates were especially purified by seven re- 
precipitations of the acid barium salts (Macfaiiane and Robison, unpublished 
results). The analytical values for these purified samples are in excellent agree- 
ment with the analysis of l:6-diphosphofructofuranose. 

Exps. 9 and 10 indicate that the amounts of diphosphate accumulating 
during the fermentation of the galactose arc much in excess of that attributable 
to the autofermentation of the polysaccharides in the yeast preparations used. 
This has also been found true for the fermentation with dried yeast (Exps, 11, 
u-d, Table I) where the galactose fermentation (11, c) yielded 2*0 g. of the acid 
salt as compared with 0*5 g. and 0*7 g. for the autofermentation alone (11, u) and 
in the presence of added phosphate (11, h) respectively. 

Osazone formation. The phos})ho- 08 azonc (P, 5-50 % ; C24H3i07N^P requires, 
P, 5*68 %) melted at 153-153*5*^; a mixture of the osazone with that prepared 
from a sample of l:6-diphosphofructofuranose melted at the same temperature. 
The mutarotation of the osazone in alcohol-pyridine agrees closely with that 
found for the osazone of glucosemonophosphate (Table IV). 


Table IV. MrUarotation in alcohol-pyridine of the phospho-osazone j^Tejxired 
from the diphosphate of the galactose. fe:r mentations. 


Time 

mins. 

15 

60 

85 

17 hours 
24 hours 


Rotation 

From diphosphate 
of galactose 
fermentation 

- 59 - 5 '* 
- 44‘5 
- 39*8 
-374 
-351 


Rotat ion* 

From glucose - 
monopliosphate 

WZ, 

-60° 

-38 

- 35 


* Robison and King [1931], 


Bate of hydrolysis. The rate of hydrolysis of the diphosphoritt acid was also 
in good agreement with that of fructose- Irfi-diphosphate (Table 5). Fructose-6- 
phosphate (Neuberg ester) was isolated from the products of fractional hytlrolysis 
by acid of the fruotosodiphosphate from fermentations 2-8. (Analysis : P, 7*72 % ; 
H.J. 33 %; iodine, 3-7 %; fructose (Selivanoff) 26 %; faJ^Jej-fO-S.) 

Table V. Rate of hydrolysis of the diphosphoric ester {0'()2 M) in 
N HCl at> 100\ 

% Hydrolysis 

Ti) ^ 


Time 

Diphosphate 
from galactose 

(2) 

Fructose- 


ifcxlOa 

mins. 

fermentation 

diphosphate* 

U) 

(2)* 

0 

0 

0 





5 

26*8 

23-3 

27-3 

23*0 

10 

38-3 

36*8 

151 

16*8 

30 

58- 1 

— 

8-4 

8*2 

60 

710 

08*8 

5-3 

4*6 

90 

79-7 

791 

5*2 

5-8 

120 

83-2 

83*5 

2-8 

3‘4 

180 

89-2 

90-2 

3-2 

3*8 

240 

94*6 



6-0 


300 

— 

96*6 


3*8 

480 

— 

99*4 

— 

4*2 


* Maoleod and Robison [1933]. 



METABOLISM OF GALACTOSE 


1669 


These results show conclusively that the diphosphate formed when galactose 
is the sugar fermented is the same as that formed during the fermentation of 
glucose, fructose and mannose, namely liG-diphosphofructofuranose. The ester 
constitutes the major portion of the phosphorylated products and is found in 
amounts considerably in excess of those which can be attributed to the yeast 
polysaccharides . 

The, monophosphoric esters. 

The amounts of the monophosphate fractions (“soluble B ”) isolated from the 
galactose fermentations and the analyses of the neutral barium salts are shown in 
Table VI. 

Table VI. Analyses of the neutral barium salts of the 
soluble B fractions obtained in the fermentations. 


Exp. 

1 

2 

:i 

4 

5 
() 

7 

8 

a-d 
a 
h 
c 
d 
d’ 

U)a-d 




Autofermeritatiuii 
Antcjforriientatujn rinorj^fauio PUi 
(iaUuitost* f«rru. 

Glucose ferni. 

(ilueose ferni, after trehalose 
Tuoiuiphosphalc removal 

Autofernientation 
Autofennentation 4 inorganic PO* 

Galactose ferm. 

( nilactose-li-phosphate ferni. 

Before fennentatuni 
After fenuentation 
i 

a Autofennentation 

b Autofermentation + inorganic P( >4 

c Galactose form. 25° 

M7® 

t ” ” ^ 

d Glucose ferni. 

Kubison ester’ 

Glucose-O-phosphato \ 

Mannose-B-phusphate > “ 

P* r uct( >se-i>"phusphattd 
Trehalosomonophoaphate® 

IGuctose - 1 -phosphate* 

Galacfcose-h-phosphate (present 
synthesis) 

’ Robison [3922J. 

® Robison and Morgan [1930]. 

* The galactosemonophosphate recovered after two 
potassium salt was equivalent to 3*1 g. neutral barium 



Trehalose 








monophos- 


Reducing 





phatt* 


)) 0 wcr a.s 





isolated 


glucose (%) 

P'ructo.se 



Amount 

Ba salt 

P 

^ — 


(Selivaiioff) 

0^ 

/o 

WL 

N 

g* 

K- 

O' 

/o 

11..1. 

Iodine 

0/ 

/o 

1*75 

0 07 

5 0 

JO 

11 

2 

-T ()0‘5° 


1-32 

0 

3*3 

12 

25 

3 

f 2*8 


219 

0*10 

4*8 

12 

10 

3 

f31-G 


0*53 

0*i)5 

4*0 

13 

22 

4 

-r29-3 


1*53 

0 

3*5 

13 

31 

1 

+ 3-8 


2*90 

0*20 

45 

7 

u; 

2 

~t)8*() 


2*10 

0*98 

4*2 

13 

20 

5 

-f55*8 


2*(^9 

0 10 

4*1 

14 

20 

3 

+27*0 


0-20 

0*02 

19 

12 

33 

(0*1) 

1 

- 3*8 

5*2 

0 11 

(KU 

2*2 

J5 

21 

-it;.9 

5*2 

0-54 

(Ml 

41 

13 

10 

2 

4-37*5 

2*4 

2-55 

Ml 

5*3 

17 

25 

3 

-f49*3 


— 

— 

7*0 

11) 

21 

3 

■f 2()*3 


(Ml 


2*4 

9 

20 

{0’4) 

4-10*9 


on 

— 

2-8 

8 

18 

(0-3) 

12*5 


0-34 

__ 

4-9 

12 

11) 

(0-4) 

-t 47*0 


2'21* 


7*8 

28 

41 

1 

4-30*0 



— 

7*7 

25 

41 

2 

t-27*5 


(M2 


0'9 

12 

23 

(0*3) 

- 13 0 


Oil 

— 

0*9 

9 

22 

(0-2) 

~ 18*0 


0-42 



4-5 

12 

29 

1 

4 52*5 


()-20 

- 

4- 4 

14 

34 

2 

+ 3*0 


0*83 


5 4 

17 

15 

5 

40*3 



_ 

7*85 

30 

25 

0 

-414*4 






7*8() 

30 

■It) 

(0-5) 

-i-20*t) 




7*82 

30 

27 

2 

4* 3't» 






7-73 

35 

i'O 

22 

i 2*3 






5*tU 

0 

0 

0 

4- 132*0 





7*85 

23 

15 

25 

-35*0 


— 

— 

7-80 

28 

41 

(0-7) 

-f3()*0 




a 

Macleod and Robison [1933J. 



Tatikd and Robison [1935]. 

basic lead precipitations; the amount of the galactose ester added as 
salt. 


In Exps. 9, 10 and 11, additional data are presented to indicate the amounts 
and nature of the soluble B fractions produced during the autofermentation 
alone and in the lU'esenoo of added phosphate. The composition of this fraction 
when glucose is the sugar fermented is recorded in Exps. 9 (d) and 11 (d). 

106--2 



1670 


G. A. GRANT 


The data given for Exps. 9-11 indicate the real source of the difficulty in 
obtaining a hexosemonophosphate (P, 7*84 %) from the “soluble B"’ fraction of 
the galactose fermentations. In all cases this fraction represents a relatively 
small portion of the total esterified phosphorus and is seriously contaminated 
by concomitant impurities introduced by the yeast. 

The latter material has a high nitrogen content, a high iodine value, is low in 
P and usually possesses a negative rotation. 

Isolation of trehalosemonophosphate. Where the low P content of the mono- 
phosphate fraction occurred together with a high dextrorotation, trehalose- 
monophosphate was identified. It was separated by crystallisation from the 
aqueous alcoholic (10-20 %) solution of the monophosphate fraction. Under 
these conditions the trehalosemonopliosphate crystallises as the sparingly 
soluble barium salt [Robison and Morgan, 1930J. The amounts arc shown in 
Table VI. 

Several recrystallisations of the crude salt yielded in each case pure crystalline 
trehalosemonophospbate as judged by the analyses of the neutral barium salt. 
[P, 5*57 %; [a] 4- 132®, for the anhydrous salt; no reducing power (H.J. and 
iodine) or Selivanoft’ value.] However, the whole of the ester was not removed 
from the monophosphate fractions by the above separations. 

In Exps. 9 (a-d), the amounts of trehaloscimonophosi)hate isolated from the 
glucose and galactose fermentations (c, d) were far in excess of those which could 
be attributed to the autofermentations (a, b) of the 3 ''ea 8 t preparation used. The 
laevorotator}’^ “soluble B*' fractions obtained from the autofi^rmentation expe^ri- 
ments did, however, contain detectable amounts of this ester. 

Prej)arations from the unadapted yeast also possessed the mechanism for the 
synthesis of this ester from the normally fermentable sugars, glucose, fructose 
and mannose. The formation of this diglucosemonophosphate during the fer- 
meuitation of galactose by preparations of the adapted j^'cast is of particular 
interest in view of the interconversion of hexoses involved. 

Further examination of the residual soluble B fractions. After the removal of 
the trehalosemonophospbate, three methods were emploj^cd to effect a separation 
of the remaining liexosemonophosphoric esters in the soluble B fractions. 

In the first method the monophosphates were precipitated from their solu- 
tions in aqueous alcohol (10 %) as the neutral lead salts [Robison, 1922]. The 
analyses of the regenerated neutral barium salts for some of the experiments are 
given in Table VII. A certain amount of purification was achieved, for 


Table VII. Analytical values of the neutral barium salts of the 
hexosemonophosphates isolated from the soluble B fractions^. 


Exp. 

Method of isolation 

Amount 

mg. 

p 

/o 

Reducing power 
as glucose (%) 

A. 

r ' ■ ■ 

H.J. Iodine 

Fructose 

(Selivanoff) 

/a 


4 

Ppt. as neutral lead salt 

50 

6*0 

16 

32 

3 

-h25*0 

6 


30 

6*3 

13 

21 

3 

+ 3*0 

8 

»» »> 

415 

5-2 

16 

23 

4 

+ 13*3 

12 

Ppt. obtained by fractiona-* 

40 

6*4 

14 

IS 

5 

+ 19*9 

7 

190 

60 

13 

16 

2 

+ 70*0 


tion of the acid barium salt 
(40-70 % alcohol) 

h 

y 

j6*6 

16*5 

(0*3) 

16 

(0*8) 

20 


+ 131 
+62*0 


^ Methylphenylhydrasine test negative in all cases* 
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the P content approximates more closely to that required for a hexoscmono- 
phosphate. 

It was also found possible to effect a purification of the soluble B fractions by 
fractionation in alcohol of their acid barium salts. The monophosphate fractions 
were obtained at 3*6 by increasing the alcohol content from 40-70 %. The 
analysis of one of these intermediate fractions is given for Exp. 7 and also its 
further separation into trehaloaomonophosphate and a hexosemonophosphate 
fraction (Table Vll, 6, 6'). In each case only small amounts of the hexosemono- 
phosphates were obtained by either of the above methods. 

The methylphenylhydrazine test. These small amounts of hexosemonophos- 
phates were treated with a solution of methylphenylhydrazirie in acetic acid, but 
there was no separation of an insoluble methylphenylhydrazone. The crude 
soluble B fractions were also subjected to this test hut negative results were 
obtained in every case offering additional evidence of the absence of phosphoric 
esters of galactose from the phosphorylated products isolated from the fermenta- 
tions. 

The residual mono phosphoric ester of the glucose fermentation (lOd') after 
removal of the trehalosemonophosphate ]) 08 sess(^s the general propeHies of the 
Robison ester though still contaminatt^d with a little trehalosemonophosphate, 
as shown by the higher specific rotation. (See Table VI.) 

The above results supjwrt the view that the monophosphoric esters which 
accumulate during the fermentation of galactose by prc'parations of adapted 
yeast are not the phosphoric esters of galactose, but those common to the fer- 
mentation of glucose, fructose and mannose. Trehalosemonophosphate has been 
(lefinitely obtained, together wdth smaller amounts of material which resembles 
a hexosemonophosphate, yields a negative methylphenylhydrazine test and 
corresponds in its general analysis with the Robison ester found in the glucose 
fermentation. 

Fermentation of galactose by dried yeast at 37 '' . Phenomenal yields of mannose- 
(bphosphate are obtained during the fermentation of mannose by dried yeast, 
if the temp€^rature is 37®. This occurs only with dried yeast and does not result 
with glucose or fructose [Jepheott and Robison, 1933]. For this reason the 
fermentation of galactose by dried yeast at 37® w'as inve.stigated in an attempt to 
increase the 3 ield of monophosphate. This proved unsuccessful, the normal ratio 
of diphosphate to monophosphate being obtained. Similar re.sults were obtained 
with fresh yeast + toluene at 37®. The monophosphate fraction i.solated possessed 
a lower rotation suggesting that less trehalosemonophosphate was formed at the 
higher temperature of fermentation. 

The polysacchaktdes synthesised during the metabolism 

OF GALACTOSE BY THE LIVING YEAST CELL. 

The sugar polymerides built up when the adapted yeast was grown upon 
galactose as the sole source of carbohydrate offered additional evidence of the 
changes involved during the metal>olism of this hoxose. 

Method of j^reparation. The yeast (69 g. moist yeast) obtained after three days’ 
growth in a medium of yeast extract phis phosphate containing 4 % galactose, 
was washed free from reducing substances. It was then autoclaved for 30 minutes 
at 120° in 400 ml. ofN/Z KOH. The insoluble residue (“insoluble fKilyisaccharide “) 
was filtered off and dried in vamo over H8SO4, after several wasliings with 96 %, 
followed by absolute alcohol (6*31 g.; reducing power (H.J.) 0*2 %). 

The “soluble polysaccharide” was obtained by precipitating the above 
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filtrate with three volumes of alcohol. It was further purified by two reprecipi- 
tations. (3-11 g.;[a].?:;, + 132'^;H.J. 0*2 %.) 

Hydrolysis of the polysaccharide fractions. 1 g. portions of the two fractions 
were hydrolysed for 5 hours in N H2SO4 at 100°. The hydrolysates were brought 
with baryta to 6 and the filtrates and washings concentrated to a small 
volume, under reduced pressure, at a temperature of 40-50°. Final concentration 
to syrups was carried out at room temperature in vacuo over H2SO4* 

Nature of the sugars in the above hydrolysates. The procedure of Harding and 
Grant [1931-32] was used to estimate the ‘‘fermentable sugar'’ (glucose, fructose 
and mannose) and galactose content of the hydrolysates from the soluble and 
insoluble polysaccharide fractions. The mannose was estimated as insoluble 
phenylhydrazone ; the fructose by the Solivanoff value in excess of that developed 
for an amount of glucose equivalent to the reducing power of the syrups. 

Mannosephenylhydrazone was obtained only from the hydrolysate of the 
‘‘soluble polysaccharide” fraction, m.p. 200-201°; a sample mixed with pure 
mannosephenj’-lhydrazone melted at the same temperatun*. 

Galactose, if present , could be isolated as the insoluble methylphenylhydra- 
zone. The hydrolysate from the “soluble polysaccharide” yielded an insoluble 
methylphenylhydrazone, not, however, that of galactose but of mannose which 
also forms an insoluble hydrazone in the concentrations present in the hydro- 
lysate; M.P. 179-180°; a sample mixed with pure mannosemethylphenyl- 
hydrazone melted at the same temperature ; while a sample mixed with galactose- 
methylphenvlhydrazone (m.p. 188-190°) melted at a much lower tc^mperature, 
170-172°. 

The osazone formed from the hydrolysates of both the soluble and insoluble 
polysaccharide fractions was almost entirely glucosazone. The combined results 
are summarised in Table VIII. 

Table VlII. Nature of the hexoses in the hydrolysates from the 
adapted yeast polysaccharides. 


of the total hydrolysate as 


Hydrolysate from 1 g. 
polysaccharide 

Glucose 

Fructose 

A. 

Mannose 

Galactose 

Residual 
reduction 
(as glucose) 

Insoluble j^lysaccharido 
Soluble polysaccharide 

95*5 

3 

0 

0 

1*4 

77 

3-3 

16 

1*8(?) 

1-9 


The polysaccharides synthesised by the adapted yeast grown on galactose as 
the only carbohydrate, and isolated in the above manner, gave upon hydrolysis 
only the normally fermentable sugars, mainly glucose and mannose, with traces 
of fnictose. Galactose was not found in definitely recognisable quantities by 
either the yeast analysis or the methylphenylhydrazine test. In this connection 
the detection of very small amounts of galactose, only demonstrable by in- 
direct methods is of doubtful value as evidence of a galactose-containing poly* 
saccharide in view of the possible contamination of the normally occurring 
polysaccharides by strongly adsorbed galactolipins (see recent "findings of 
Heidelberger and Monzel [1935] upon lipo- carbohydrate complexes). 
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DISCUSSION. 

The specific mechanism developed in certain yeasts during the process of 
adaptation on galactose and required for the fermentation of this sugar is 
largely, though not wholly, destroyed when the adapted yeast is treat'd with 
toluene, or dried, or in the preparation of a cell-free juice. The slow rate of 
fermentation of galactose by such yeast preparations, compared with that of 
glucose, contrasts 8 trikingl 3 »' with the equal rates of fermentation of these two 
sugars by the living yeast. 

During the fermentation of galactose, and of glucose, by these preparations of 
adapted yeast a concomitant phosphorylation takes place. The phosphorylated 
products which accumulate during the fermentation of galactose are not the 
esters of this sugar but of glucose and fructose. A hexosediphosphoric ester 
constitutes the major portion of the esterified phosphate and has been shown by 
a detailed study of its properties to be identical with the ester produced from 
glucose, fructose or mannose, namely l:6-diphosphofructofuranose. From the 
monophosphate fraction it was possible to isolate the diglucose ester, tre- 
halosemonophosphate, together witli small amounts of a monophosphate 
closely resembling in its pro|.)ertie8 the Robison est<ir. 

In an effort to detect any small amounts of galactosephosphatc which might 
be j)resent, the methylphenylhydrazine test was ay)plie<i to the monophosphate 
fractions obtained in the fermentation of galactose, since it was shown that the 
synthetic galactose -6-phosphate forms an insoluble meth\ffphenylhydrazone. 
The failure to obtain any (*vid(mce b^^ this tost of the presence of galactose-6- 
phosphate coupled with the non-fermentability of this ester by an active prepara- 
tion of the adapk^d yeast, offers strong evidence that this galactosemonophos- 
phate is not an intermediate product of the fermentation process. If any other 
galactose estcu' which gives an insoluble methylphenylliydrazone is formed it 
must undergo subsequent transformation at such a rate as to preclude its 
accumulation. 

The living yeast cell continues to build up the same polysaccharides when 
galactose is the solo carboh^'^drate metabolised as when the carbohydrate is 
glucose. The polysaccharides produced are polymerides chieflj^ of glucose, and to 
a lesser exkuit of mannose? and fructose. Moreover, l:6-diphosphofructofuranose 
is the chief ester formed during the fermentation of the polysaccharides occurring 
in preparations of the adapted yeast. 

The nature of the mechanism for this important physiological transformation 
by which the adapted yeast converts galactose into derivatives of glucose, fruc- 
tose and mannose remains unknown. It may be that a direct galactose glucose 
conversion takes place and that the latter sugar is then metabolised in its usual 
manner. The nature of the hexosephosphoric esters found during the fermenta- 
tion of galactose, and of the polysaccharides sjmthosised during the metabolism 
of the sugar by the living yeast cell, are in agreement with such a view. The 
appearance of derivatives of fructose and matmose can easily be accounted for by 
the action of the enzyme phosphohexokinase which is present in the yeast, and 
which can convert gluoose-6-phosphate into an equilibrium mixture of the 
aldose-ketose esters of the three sugars, glucose, fructose and mannose [Martland 
and Robison, 1929; Lohmann, 1933; Macleod and Robison, 1933]. As previously 
mentioned a monophosphate fraction closely resembling this equilibrium mixture 
(the Robison ester) was obtained during the fermentation of galactose. Sub- 
sequent phosphorylation of the Robison ester occurring during its fermentation 
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by yeast preparations may result in the formation of the l:6-diphosphofructo- 
furanoso [Meyerhof and Lohmann, 1927 ; Euler and Myrback, 1928 ; Harden and 
Robison, 1932]. 

Robinson [1927] has introduced an interesting theory to account for the 
changes occurring during the conversion of one sugar to another. He suggested 
that a Walden inversion might take place during the dephosphorylation of a 
4-pho8phohexose, producing glucose from galactose or vice versa. According to 
such a view the interconversion of the hexoses occurring naturally is conditioned 
by the enzymic hydrolysis of the phosphoric esters of the hexoses concerned. 
Mathers and Rol>ertson [1933] and Robertson and Oldham [1934] have found 
that such inversions take place during the alkaline hydrolysis of ocutain synthetic 
sugar (‘sttus having two adjacent OH groups in the sugar molecule both esteri- 
fied. It is also worthy of note that in cases where a Walden inversion was proved 
to occur, such inversion was accompanied by anhydro-formation. These in- 
vestigators suggest that anhydro-formation may be a necessary precursor of this 
tyjK^ of inversion, which then follows as a consequence of the o|xming of t}u» 
anhydro-ring. 

If the above findings are applied to galatdose, the conversion into glucosf' 
could take place upon dophosphorylation of a 3:4-gala(*tosediphoKphate. The 
anhydro-formation during the removal of th(» phosf)hat(^ groups could be 
accompanied by a Walden inversion on one or other of the substituted carbons 
(3 and 4) or on both of them. In this connection a 3:4-enol of the hexose- 
diphosphate would be of importance in the metabolism of this ester. Tims 
from d-galactose, besides d-gluoose, variable amounts of anhyeb'o-sugars and of 
ri-sorbose, rf-gulose and d-allose could result. rZ-Glucose is the only one of these 
sugars readily fermented by yeast. 

Definite evidence has been obtained by Oldham and Robertson [1935] that 
the opening of a 3:4-anhydro-ring in a glucose molecule can result in the trans- 
formation of this sugar into (i-galactose and rf-gulose. They emphasise the 
relationship of these newly formed hexoses with lactose and ascorbic* acid 
respectively. 

Tanko and Robison [1935] have considered the possibility of the occurrence 
of natural hexoses phosphorylated in positions other than 1 and 0. These in- 
vestigators find evidence which seems to point to the formation of su(4j esters 
during the fractional hydrolysis of 1 rfi-diphosphofructofuranose by acids. 

Nilsson [1930] has postulated an entinJy differemt mechanism to account for 
the formation of the same diphosphate from galactose as from the normally 
fermentable sugars. He suggested that the galactose molecule was first decx)m- 
posed into 3-carbon compounds, a procedure which would destroy the spatial 
specifienty of the fourth carbon atom, and that these 3-carbon compounds, upon 
pliosphorylation, could be built up into the hoxosediphosphate. Mc^yerhof and 
Lohman [1934] have obtained evident^ of the existence of a zymohexase in 
yeast and musek^ preparations capable of converting triosemonophosphoric 
ester into fructosediphosphate. Their results suggest that dihydroxyaeetone- 
phosphoric acid is the main triose ester to be formed in vivo, and it was possible 
to donK)nstrate its production from and conversion into hexosediphosphoric 
acid. 

Cattaneo [1933] has obtained additional evidence j)ointing to the common 
path of fermentation of galactose and glucjose by isolating phosphoglyceric acid 
from the phosphorylated products formed during the fermentation of galactose by 
preparations of adapted yeast in the x^resence of added phosphate, acetaldehyde 
and sodium fluoride. 
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Whatever the nature of the mechanism for the transformation of galactose 
into derivatives of glucose, fructose and mannose, it is remarkably specific for 
this sugar, for a yeast capable of fermenting galactose, does not possess the 
power readily to ferment such closely related aldose and ketose isomorides as 
talose and tagatose [Roichstein and Bossard, 1934]. 

The reverse change glucose galactose takes place in the active mammary 
gland, and it also appears to be quite specific, for in conditions in which added 
glucose was almost completely synthesised in vitro to the galactose- containing 
disaccharide, lactose, little evidence of synthesis from added mannose, galactose 
or fructose could be demonstrated. There is also a hexosephosphatase present in 
the active gland capable of hydrolysing the naturally occurring hexose])hosj)horic 
esters and the synthetic gaIa(‘to8o-6-phosphate. Moreover, there is evidence 
of a slight synthesis of organic phosphates, by the active gland preparations, 
from added glucose and inorganic phosphate, provided hexokinase is also added 
(Grant, unpublished results). 

The decision as to whether the phosphorylation occurring during the meta- 
bolism of galactose is also the primary process concerned in effecting the inter- 
t!on version of hexoses observed, or whether a specific mechanism is developed for 
the direct interconversion of galactose glucose prior to the phosphorylation of 
the latter hexose, must await the accumulation of further experimental evidence. 

Summary. 

1 . The specific nie<hanisrn developt'd in certain yeasts during the process of 
adaptation on galactose and required for the fermentation of this sugar, is 
largely (h'stroyed when the adapted yeast is treated with toluene or dried, or in 
the preparation of a cell-frt‘e juice. 

2. During the fermentation of galactose, and of glucose, by these prepara- 
tions of adapted yeast a concomitant phosphorylation takes place. The phos- 
pliorylated compounds which accumulate during the fermentation of the galac- 
to8<i are not the esters of this sugar but those of glucose and fructose. 

3. The major portion of the esterified phosphorus is present as l:fi-diphos- 
phofructofuranose, w^hile the monophosphate fraction eoTisists of the diglucose 
ester, trehalosemonophosphate, and possibly smaller amounts of the typical 
mixed ester of fermentation, the Robison eater. No (‘vidence w^as obtained of the 
production of a galactosephosphoric ester. 

4. Synthetic galactose-fi-phosphate is not readily fermented by an adapted 
yeast preparation capable of fermenting galactose. 

5. The polysaccharides synthesised by the adapted y(»ast grown upon 
galactose as tlie sole carbohydrate are mainly polymerides of the normally 
fermentable sugars, glucose, fructose and mannose. 

6. The bearing of those results upon the nature of the mechanism developed 
in the adapted yeast for the metabolism of galactose is discussed. 

1 wish to take this opportunity to express my I hanks to Prof. Robert 
Robison, for his close supcirvision and valuable advice during the progress of this 
research. I am also indebted to the Royal Society of Canada for a Research 
Fellowship, during the tenure of which the earlier part of the investigation was 
carried out. 
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The more important methods at present used for the estimation of fatty acid 
in blood are oxidimetrio [Bloor, 1028] or titrimetric [Stoddart and Drury, 1929; 
Stewart et al., 1931 ; Man and Gildea, 1932-33; Smith and Kik, 1933]. 

Bloor’s method may be objected to on the ground that it depends upon the 
relative soIiibilitir38 of the fatty acids in light petroleum. It is possible that this 
solvent will extract oxidisable substances other than fatty acids and cholesterol 
from the acidified hydrolysate, e.g. pigments or their hydrolytic products, bases 
derived from the phospholipins etc., thus giving high results. 

So far as the titration methods are concerned they are open to the criticism 
(applicable also to Bloor's method) that the extraction of lipoids from blood 
may be ineomplet-e. In all coses this extraction is accomplished by adding the 
blood slowly to a mixture of alcohol (3b volumes) and ether (12 volumes). Man 
and Gildea [1932-33] claim, contrary to the generally accepted opinion, that 
30 % of the lipoids may escape extraction in this way. The methods of Stoddart 
and Drury [1929] and of Stewart ei al. [1931] depend upon the precipitation of 
the free fatty acids after hydrolysis and will therefore fail to estimate^ any soluble 
fatty acids which may he present. In considering this possible error, it must, 
of course, be taken into account that the acids are precipitated from sodium 
chloride solution, and that the presence of this salt will modify the solubility 
of acids actually soluble in distilled water. Man and Gildea [1932-33] have 
extracted the filtrate from the fatty acids by means of ether and failed to find 
any appreciable amount of fatty acid in the extract; since, however, they 
washed the ethereal extract thoroughly with water to remove mineral acid, this 
result is of little value. For the same reason the method of Smith and Kik 
[1933] — extraction of the fatty acids by means of benzene and washing the 
extract — cannot be accepted as estimating the hypothetical soluble fatty acids. 
Indeed, this method may well involve a greater loss of fatty acid than does 
filtration and washing of the precipitate with sodium chloride solution. 

Man and Gildea have reported the further surprising result that hydrolysis 
with NaOH allows the recovery of only 65% of the lecithin fatty acids, while 
with KOH 82 % are recovered. This is of importance, since phospholipins appear 
to account for moat of the fatty acid present in blood [Channon and Collinson, 
1929], It is noteworthy in this connection that the exact nature of the blood 
phospholipins is unknown and that MacLean and MacLean [1927] state that, 
while lecithin is easily hydrolysed by acid or alkali, the complete hydrolysis of 
kephalin is much more difficult. Yasuda [1931] has found that oholesteryl esters 
may be hydrolysed completely by heating for 20 minutes with sodium ethoxide, 
and the hydrolysis of glycerides should present no difficulties. 

' In receipt of a pait-tiioe grant from due Medical Eesearch Council. 
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Experimental. 

Extraction of lipoids front blood. The normal procedure consists in adding 
2 ml. blood slowly to about 30 ml. of the alcohol -ethe^r mixture, raising to the 
boiling-point, cooling and adding more of the solvent mixture to make the total 
volume 50 ml. It is just possible that there may be fat-protein complexes which 
are not disintegrated by merely bringing the blood extract up to the boiling- 
point of the solvent mixture. As a variant of this procedure therefore we boiled 
the mixture of blood and solvent under reflux condenser for periods up to 
18 hours. W(» found, in accordance with Man and Gildea [1932-33] that the 
refluxed extracts appeared to contain more fatty acid than those treated in the 
usual way. The increase amounted to as much as 40% in some cases and was 
maximum with about 5 hours^ refluxing. The fatty acids are finally estimated 
by titration with alkali so that, actually, carboxyl groups are determined, and 
it is possible that the apparent increavse may be due, not to an increased ex- 
traction of lipoid, but to oxidation of any double bonds in unsaturated a<uds 
to extra carboxyl groups. That this is actually the case is shown by experiments 
in which the blood was refluxed in a continuous (uirrent of purified hydrogen. 
Under such conditions, oxidation is impossible, and analyses show that there 
is no increase in carboxyl groups due either to incTt^ased extraction of lipoids 
or to oxidation of unsaturated acids. Experiments in which the t'xtract, pre- 
viously separated from the protein precipitate, w^as refluxed, showed no increase 
in the titration value, but it must be remembered that when whole blood is 
refluxed, iron is present and may act as a catalyst for the* oxidation. The results 
of these experiments are shown in Table I. It is noteworthy that even in 
presence of air, refluxing causes no increase in the lipoid phosphorus. 


Table T. 


All values are in mg. per lUO ml. of whole blood. 

Figures in columns (1) arc obtained by heating the extract for HO seconds only. Those in 
columns (2) are the values for the refluxed extracts. 


Experimental details 


Length of Total fatty 

time of acids 


“Lipoid 

phosphorus” 


refluxing / \ ^ — 


Atmosphere 

(hours) 

(1) 


(1) 

(2) 

Air 

1 

282 

331 

— 

— 

Air 

2 

28.5 

351 

11-9 

11-4 

Air 

3 

299 

421 

11-7 

1T4 

Air 

4*5 

370 

451 

— 

— 

Air 

5 

311 

405 

11-6 

11-8 

Air 

12 

261 

392 

9-6 

9'8 

Air 

18 

279 

404 

120 

12*6 

Hydrogen 

4 

273 

272 

10-4 

9‘6 

Hydrogen 

4 

418 

415 

120 

U-9 

Hydrogen 

5 

370 

363 

— 

— 


Since an increase of 4r» which generally occurs after 5 or more hours' boiling, could be 
shown gravimetrically, an attempt was made to weigh the fatty acids obtained from a com- 
paratively large volume of blood. After the washed fatty acids had been extracted with alcohol, 
the solution contained varying amounts of sodium chloride depending upon how thoroughly the 
filter-paper had been drained. Aliquot portions of the extract were evaporated in a platinum 
crucible, dried in t/be steam-oven and weighed. Incineration of the organic matter was earned 
out at as low a temperature as possible in order to avoid loss of chloride by volatilisation, and 
after cooling the weight of the chloride was found. The difierence gives the weight of fatty acids 
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'pHa cholesterol in both the ordinary and in the refluxed specimens. Owing to the difficulty of 
evaporating alcohol- water solutions containing sodium chloride and the comparatively small 
diflerences in weight, these experiments yielded no reliable results. They may be instructive, 
however, if large quantities of animal blood are available. 

As a further control on the completeness of the alcohol-ether extraction, we 
carried out a series of experiments in which samples of the same blood were 
extracted with different solvents including 1 : 1 alcohol- chloroform, pure acetone, 
and 1 : 1 alcohol-light petroleum (b.p. 40-60'^). While acetone, as expected, owing 
to the insolubility of the phospholipins in it, gave low results, it is remarkable 
that both alcohol-chloroform and alcohol-petroleum gave results identical with 
those obtained using aloohol-ether as the solvent. Such I'esults are shown in 
Table II . In no case did the alternative solvent give a significantly higher value 
for the fatty acid than the ordinary alcohol-ether mixture, and the identity of 
the n^sults with all solvents except acetone is strong evidence that the extraction 
is practically complete. 

^ Table 11. 

All values are expressed in mg. per 100 ml. of whole blood. 



Alcohol- 

ether 

Alcohol- 

chloroform 

Alcohol-light 

petroleum 

Acetone 

Blood sample No. 1 : 

I’otal fatty acids 

a<K) 

303 

309 

232 

“Lipoid phosphorus” 

10*6 

10-7 

11-3 

7-90 

Total cholesterol 

132 

130 

138 

— 

Free cholesterol 

S3 

SO 


73 

Blood sample No. 2: 

Total fatty acids 

298 

298 

280 

__ 

“ Lipoid phosphorus ” 

115 

1145 

110 

— 


Hydrolysis of the extracted lipoids. Alcoholic NaOH and sodium ethoxide 
are in general ii8(* for the saponification of lipoids extracted from blood. Both 
Stoddard and Drury \ 1929] and Stewart et at. [1931] have used the former, and 
the following exp(Timents were designed to test the completeness of the saponifi- 
cation by this reagent. Normally, an aliquot of the alcohol -ether extract of 
blood is mixed with 5 ml. of Njli) NaOH and the mixture, aft-fT being taken 
down to about 1 ml. on the hot-plate, is finally evaporated to dryness in the 
st(^am-oven — eare being taken to avoid prolonged overheating after the soaps 
are dry. Hydrolysis may Iw extended by tlie addition of 5 ml. water plus 
5 ml. alcohol when the mixture has boiled dowm almost to dryness, and this 
process may be repeated ad lib. Table III shows the effect of varying numbers 
of such hydrolyses, compared with the result normaUy obtained after a single 


hydrolysis. 


Table III. 


Total fatty acids are expressed in mg. per 100 ml. of w^hole blood. 




Number of hydrolyses 

A 


Case 

1 

2 

3 

Mixed blood 

326 

336 

— 

1).B. 

279 

— 

279 

Mixed blood 

404 

— 

398 

H.M. 

237 

229 

— 


It is at once obvious that there is no object in prolonging the hydro- 
lysis beyond the ordinary time, and since at the end of each hydrolysis the 
alkali becomes fairly concentrated, it can safely be assumed that saponifi- 
cation is complete. Furthermore, it appears that so long as the fatty acids 
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remain in an aqueous alkaline medium, there is no tendency towards oxidation 
of the unsaturated acids. If the soaps be loft in the steam-oven for any con- 
siderable time after they are dry, there is a large increase in the number of 
carboxyl groups present, as demonstrated in the volume of alkali required for 
their neutralisation. In an endeavour to avoid the possibility of oxidation 
occurring at this stage, the hydiolysate was taken down to 1 ml,, the flask was 
filled with hydrogen and evacuated, and the soaps were dried at 70-90*^ on a water- 
bath. Control experiments by the ordinary method showed that such a modifi- 
cation gave definitely lower results, but this is to be ascribed to a loss of material 
and not to reduction in the amoimt of any oxidation which may have occurred 
in the controls. During the process of drying the soaps in vacuo, it is impossible 
to avoid frotJnng, and when dry, the soaps are distributed round the sides of 
the flask in such a manner as to prevent the action of the HCl in lil>erating fatty 
acid quantitatively. However desirable such a modification would appear, it 
has been found impossible to overcome the defects in such a manner as to 
produce a reliable* routine mt^thod along these lines. When the soaps are allowed 
to dry for periods of 24 hours, there is a variable increase in the number of 
carboxyl gr-oups, but it is U 8 uall 3 ^ of the order of 50-75%. Su(h variation is 
to be expected, since it will depend upon the iodine value of the fatty acids. 

If care be taken to avoid oxidation of the fatty acids while drying, b}’^ re- 
moving the flasks as soon as all moisture has disappeared, duplicate analyses 
may be regularly obtained to within 2% by Stewart, Gaddie and Dunlop’s 
method. 

Precipitation of the free fatty a^ids. Excess of HCl used to liberate the fatty 
acids from the soaps appears to have little eflPect upon the final titration. As 
a routine, we have added sufficient A 7 IO HCl to make the mixture definitely 
acid to litmus. Even an extra 1 ml, of N/IO HCl, however, is without effect on 
the final result. In order to facilitate the filtration of the precipitated fatty acids 
it is advisable to add the HCl without agitation and to shake gently only after 
the mixture has stood for some time. Addition of the acid to the hydrolysates 
before comphite evaporation results generally in the precipitation of the fatty 
acid in so finely divided a form that filtration without loss becomes almost 
impossible. 

The. hypothetical water-soluble fatty acids. Ordinarily the precipitated fatty 
acids are filtered through a fat-free filter*paper and the flask and paper are 
washed three times (or until the washings are neutral) with 5 % NaCl. The 
filter-paper is then returned to the flask and extracted 4 or 5 times with boiling 
absolute alcohol. The combined extracts are made up to 10 ml. with alcohol, 
and 2 ml. of this are at once titrated with A/IO NaOH from a Rehberg burette, 
using phenolphthalein or (better) thymol blue as indicator. The extraction of 
the precipitated fatty acids from the paper is complete, since further extraction 
has been shown to give no further amount of fatty acid, and since estimation 
of known solutions of tripalmitin gives the correct result. There is a “blank 
correction in the titration which is due in part to the amount of alkali required 
to change the colour of the indicator and in part to the presence of traces of 
acid in the^ alcohol. Since alcohol absorbs CO 2 on exposure to air, this blank 
titration must be made under the same conditions as the actual estimation, 
i,e, with freshly boiled alcohol. 

There btiJl remains, however, the question of the water-soluble fatty acids 
which are not estimated by this method. Whilst various authors consider that 
they constitute about 5 % of the total, it is as yet unknown if they are soluble in 
6 % saline, and NaCl has the general effect of reducing the solubility of fatty 
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acids in water. In an attempt to solve this problem and eliminate a source of 
error, experiments have been carried out in which the fatty acids were extracted 
from the acidified hydrolysate by means of organic solvents, H 2 SO 4 being used 
in place of HCl for acidifying the mixture. Preliminary experiments showed 
that a dilute solution of H 2 SO 4 could be repeatedly extracted by light petroleum 
without the latter removing any of the mineral a(dd. This process could also 
bo carried out with benzene, but not with ether. Control experiments have 
been carried out by extracting H 2 SO 4 solution, containing both phosphoric and 
lactic acids, with these three solvents. Phosphoric acid (from phospholipins) will, 
and lactic acid may, occur in the alcohol-ether hydrolysate. Extraction of 2 ml. 
of N/2 H 2 SO 4 , phis 0*5 ml. syrupy phosphoric acid, phis 0*5 ml. pure lactic 
acid, by either light petroleum or benzene yielded a “blank’' exactly equal to 
that on boiled alcohol alone. It is therefore unnecessary to wash the light 
petroleum or benzene layer after extraction, and thus loss of water-soluble 
extracted material can be avoided. Ether is useless, even in the absence of 
lactic acid, for the solubility of water in it is too great and very high “blanks*’ 
are obtained. 

To test the effect of extraction in place of filtration, the following procedure 
was adopted. One drop of an aqueous solution of phenol red w^as added, and 
the mixture was made just ac id with Nj^ H 2 SO 4 . The fatty acids were allowed 
to stand overnight and were then extracted with 5 ml. portions of light petroleum 
(b.p. 4(1-60 ', redistilled over solid potassium hydroxide) ; 4 or 5 extractions were 
made. The petroleum layer w^as then evaporated to about 1 ml. on the hot-plate 
and the last traces of the solvent were removed by a current of purified hydrogen. 
The mixture of fatty acids and cholesterol was tlien thoroughly extracted with 
3 ml. portions of boiling alcohol and the volume made Tip to 10 ml. 2 ml. of 
this solution were then titrated with Y / 10 NaOH in the usual mamier. Typical 
results showing a comparison Ix^tween this modification and Stewart, Gaddie 
and Dunlop’s method arc giv<ui in Table IV. 

Table IV. 


All rcHults are expressed in mg. per 100 ml. whole blood. 
Total fatty aeitls 



(1) by the filtration 

(2) by the extraction 

Percentage increase 

Case 

method 

method 

of (2) over (1) 

F 1 

216, 220 

225, 222 

+ 2-5 

LI 

211,211 

221,216 

+ 3-6 

F 2 

199 

202 

+ 1-5 

H 

221 

218 

~1*4 

T 

495 

516 

-f4-2 

F 3 

245 

260 

+ 61 

L 2 

247 

262 

+ 61 

Ml 

273 

286 

+ 4-6 

L 3 

244 

248 

+ 1-6 

M2 

245 

250 

Average 

+ 20 

increase + 2*58 


It is evident that extraction with light petroleum gives results which are 
slightly higher than those obtained by the filtration method. In all probability, 
this is due to the fact that the former technique will estimate all the soluble 
fatty acids with tiie possible exception of any hydroxy-acids which may be 
present. The extraction modification differs from Bloor’s method only in the 
final stages—the difference between the two hydrolysing agents being negligible, 
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as stated above. If the fatty acids can bo estimated by the titration methodi 
they must necessarily be estimated by the oxidation procedure also ; and further- 
more, the former is undoubtedly preferable, since the occurrence of any oxidisable 
matter in the light petroleum extract, other than fatty acids and cholesterol, is 
of no account during the titration. This possibility is more than a mere sug- 
gestion, for, when the matter soluble in light petroleum is extract€*d with 
alcohol, some insoluble matter is always found in su8y)ension. If this be organic, 
and there are indications that it is, it will seriously interfere with the chromate 
oxidation, but not with the titration. 

It must be admitted, however, that the light petroleum extraction method 
followed by titration is not entirely satisfactory and, for some unknomi reason, 
duplicates occasionaUy fail to agree. The (^ause of these failures has not l)een 
discovered, but there are sufficient comparisons with the filtration method in 
Table IV to show that agr(*oment is not accidental. However, the difference 
between the extraction method and th(^ filtration is so small that the latter 
may legitimately be accepted as substantially (‘orrcct, and in our hands, at 
least, it provides by far the simpler and more reliable technique. 

Sfmmaky. 

It has been shown that various solvent mixtures other than alcohol-ether 
wdll extract the same amount of fatty acid from blood. 

The yield of fatty acids is not increased by refluxing Die blood with the 
usual alcohol-(^ther mixture, but a certain amount of oxidation occurs in the 
process, giving an increase in the number of carboxyl gi'oups. Retluxing does 
not increase the recovery of “lipoid phosphorus’’. 

Alcoholic sodium hydroxide and sodium ethoxido are equally good hydro- 
lysing agents, and a single hydrolysis by the former will give the* maximum 
yield of fatty acids. 

The filtration method has been compared with a method in whic^h the fatty 
acids are extracted by light petroleum. It has been shown that the soluble 
fatty acids in blood amount to less than 3 % of the total. 

The expenses of this work were partly defrayed by a grant from the Moray 
Fund of the University of Edinburgh. 
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The phospholipins account for a very considerable fraction of the total fatty 
acids in blood. This, with the fact that theories of fat transport and utilisation 
have l>een based on variations in the phospholipin content of the blood, makes 
it very desirable to determine whether the available methods are adequate for 
the estimation of blood phospholipins, and also what phospholipins are present. 

For the estimation of phospholipins, two main methods are available, the 
first elaborated by Bloor [1929], and modified by Boyd [1931], depends on the 
oxidation of material precipitated by acetone and magnesium chloride from an 
ethereal extract ; the result is expressed in terms of lecithin. The second method 
is that of estimating the ‘Tipoid phosphorus” by one of the various methods 
proposed for detc^rmining small amounts of phosphorus; this method suffers 
from the defects that (a) the “lipoid phosphorus” — i.e. the phosphorus in an 
alcohol -ether extract of blood — ^has bc'en stated to contain phosphorus not derived 
from phospholipins, and (6) it has generally been tacitly a.S8umed that a method 
suitable for the micro-estimation of inorganic phosphate will also, after incinera- 
tion of the organic mat*erial, satisfactorily measxire the “lipoid phosphorus”, 
and this is by no means always the cavSe. 

In several nisjicets a method based on the “lipoid phosphorus” is to be 
preferred, provided it can be shown to be reliable. One important advantage is 
that it makes no assumption as to the e,xact phospholipin present; a second is 
that it is l>oth easier and quicker to carry out than th(^ oxidative procedure. 
We have therefore examined in detail the steps in the estimation of the lipoid 
I)hosphorus”, and after defining tlie conditions for accurate estimation of this 
fracition of the blood phosphorus, have shown that no serious error is involved 
in n^garding it as the phosphorus derived from phospholipins. 

The convenient colorimetric methods for the estimation of phosphorus 
deptnid upon the reduction, to a blue substance, of phosphomolybdic acid, 
without molybdio acid being similarly affected. Of the various reducing agents 
suggesft^d, that of Fiske and Subborow [1925], l:2:4-aminonaphtholsulphonic 
acid, has proved by far the most satisfactory in our hands. The production and 
reduction of phosphomolybdic acid depend upon a number of other factors, 
of which the most impoi-tant seems to be the acidity of the solution during 
reduction. Absence of acid results in reduction of molybdate itself whilst excess 
of acid prevents the reduction of phosphomolybdate ; and it must be remem- 
bered that removal of organic matter from the alcohol-ether extract is accom- 
plished in an acid medium. 

It is evident that in the destruction of organic matter prior to phosphorus 
estimation, sufficient acid must be used to keep the foot of the test-tube 
(6x|in., pyrex) covered during the process. Moreover, during that process, 
some acid is invariably lost by evaporation and by reduction, the amount 
depending upon the amount of organic matter present and the length of time 
of heating. The mini mum of sulphuric acid which can be used without complete 
^ In reoei{it of* pnrt-tiine grant from tlie Medioal Researoh Cooncil. 
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evaporation to dryness during the ashing is 1 ml. of 10 acid, and this amount 
diluted to 10 ml. completely inhibits the reduction of phosphomolybdic acid 
in the cold, although not at 1(X)° — in a boiling water-bath. From P^ig. 1, 



which shows the eifect of varying the final concentration of acid on the apparent 
amount of phosphorus present, it appears that the permissible final concentra- 
tion lies between 0*75 and 1*20A^. This, since the final volume is 10 ml., corre- 
sponds to 0*75 ml. of lOA" acid as the minimum which must remain after 
incineration. Actually, if 1*0 ml, of 10 A acid is used initially, the loss only 
approaches 25 % if the amount of organic matter present is very exceptionally 
large, and this quantity of acid is therefore suitable. It can b(‘ increased to 
1*2 ml. with a rather greater margin of safety but not beyond that amount. 
To conserve acid for the incineration, it is our practice to use an aqin^ous solu- 
tion of ammonium molybdate in place of the more usual molybdic acid-sulphuric 
acid mixture, and those figures for the permissible amount of acid are based 
on this practice. 

The destruction of organic matter by heating with sulphuric acid and per- 
hydrol has been criticised by Baumann [1924] and others on the ground that 
phosphoric acid may bo lost by volatilisation and by conversion into metaphos- 
phoric acid. In actual practice these criticisms seem to be unwarranted, for 
standard amounts of phosphate have been heated for several times the normal 
period and with addition of several times the normal amount of perhydrol (to 
destroy excessive amounts of added organic matter) without any appreciable 
loss of phosphorus. 

The amount of molybdate is of some impoHance. There must be sufficient 
to combine with the largest amount of phosphorus likely to be encountered, 
but excess tends to cause development of the blue colour even in absence of 
phosphate. It is true that ‘‘standard"" and “unknown’" are similarly treated, 
but a colour due to the reagent seriously diminishes the range of colour variation 
over which proportionality of colour and phosphorus concentration exists. 
Under our conditions, 0*5 ml. of 2-5 % ammonium molybdate is satisfactory, 
and the maximum allowable is 0-75 ml. 
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Excess of reducing agent (aminonaphtholsu) phonic acid) up to five times 
the normal amount introduces no error but produces no advantage. 

The colour under our conditions of acidity is not developed in the cold, but 
in the boiling water- bath it reaches 96 % of its maximum depth in 5 minutes, is 
fully developed in 10 minutes and is not altered by further heating up to a total 
of 26 minutes. Thereafter it changes to a brown which is useless for colorimetric 
purposes. 

The method as finally adopted differs only in details from those already 
publislKid, but the details are so important that a full description is warranted 
here. Only by attention to them can accurate and reproducible results be 
obtained, though in practice the method adds the virtues of case and rapidity. 

Determination of lipoid phosphorus 

Solutions required: 

lOA' sulphuric acid, DO ml. cone, acid added to 260 ml. water. 

Merck’s Pcrhydrol. 

Standard phosphate solution, 1 ml. equivalent to 0*01 mp. 

2*6 % aqueous solution of ammonium molybdate. 

1 :2:4-Aininonaphthol8ulphonic acid solution, made up according to the directions of Fiske 
and Subbarow. 

Details of method: 

2 nil. of blood or plasma are run into 3;l alcohol-ether mixture according to the method of 
i51oor, extracted, cooled, made up to 50 ml. and thoroughly mixed. 5 ml. of tlie extract are 
pipetted into a 6 x J in. pyrex tulx* graduated at 10 ml., a glass bead is added and the solvent 
evajKirated off. After cooling, 1 ml. of lOxY sulpborlc acid is added and the heating continued 
until the mixture is thoroughly charred. It is then allowed to cool and the carbon is removed 
by the addition of one drop of perhydrol. The acid is heated until it has distilled up as far as 
the 10 ml. graduation mark, care lieing taken to avoid excessive loss by fuming. Further charring 
invariably occurs at this stage, and a second drop of perhydrol is required. The acid should be 
again distilled up os far as the mark to decompose the excess of peroxide completely. 

The tube is allowed to cool and the sides are washed down with water so that the final volume 
is approximately 9 ml. The contents of a second tube containing 0*02 mg. phosphorus are also 
diluted to about the same volume. To both tubes arc added 0*5 ml, of the molybdate, and 0*4 ml. 
of the reducing agent, and after mixing, the tubes are placed in a boiling water-bath for 10 minutes. 
They are then cooled in running water and the contents made up to the mark and compared. 

With a method capable of estimating accurately a small amount of phos- 
phorus in the presence of a considerable amount of organic matter, it became 
possible to attack the second part of the problem, and to consider whether the 
phosphorus present in the alcohol-ether extract of blood really affords a true 
measure of the pbospholipins of blood. The evidence of this is necessarily indii'ect. 

In the first place it is significant that, as in the case of total fatty acids 
[Stewart and Hendry, 1935], the same amount of phosphorus is extracted from 
blood by alcohol -ether, alcohol-chloroform and alcohol-light petroleum. Natur- 
ally less is extracted by acetone. It is further significant that refluxing the 
mixture of blood and solvent does not increase the amount of phosphorus 
extracted. These two facts suggest very definitely that the alcohol-ether mix- 
ture extracts all the phospholipins but do not reply to the criticism that other 
phosphorus**containmg compounds may be extracted as well. 

Two sets of experiments have been made to decide this latter point. In the 
first, various phosphorus compounds, organic and inorganic, were added in the 
solid state to blood, in amounts vastly greater than the normal, and the alcohol- 
ether extractable phosphorus was then estimated in the usual way. Only in 
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Table I. 


Results expressed in ing. “lipoid phosphorus” per 100 ml. whole blood. 


3 : 1 alcohol- 

3:1 alcohol- 

3:1 alcohol-light 



ether 

Case 1 10-6 

Case 2 11-5 

chloroform 

10-7 

11*5 

petroleum 

11*3 

11*6 

Acetone 

7-90 

Lipoid phosphorus”... 1 

2 

3 

4 

5 


7 

Ordinary extraction 11*9 

11-7 

11'6 

9*6 

120 

10*4 

120 

After refluxing in 3 : 1 11-4 

alcohol-ether 

11*4 

11*8 

9*8 

12*6 

9*6 

11-9 


the case of sodium glycerophosphate was there any suggestion of an increase in 
the apparent amount of ‘‘lipoid phosphorus’’, and even here the increases were 
so small as to warrant the conclusion that the estimation of “ lipoid phosphorus ” 
is justifiable. 

Table II. 


Nature of the added 
phosphorus 

Difiodiuin hydrogen phosphate 

Potassium dihydrogen phosphate 
Sodium glycerophosphate 


Caseinogen 


Original 

“linoid 

phosphorus” 

Cone, of 

“Lipoid P” 
of the 

Percentage 
of the 

added 1> 

mixture 

added P 

mg. per 

mg. per 

mg. per 

recovered 

1(K) ml. 

100 ml. 

100 ml. 

O' 

11*0 

12*0 

11*0 

Nil 

11*0 

30*3 

11*0 

Nil 

1214 

15*4 

12*0 

Nil 

12*61 

14*5 

12*21 

Nil 

11*05 

14*5 

11*73 

4*6 

11*05 

34*0 

11*97 

5*6 

11*05 

11*3 

11*05 

Nil 


In the second series of experiments, the phospbolipins were precipitated by 
the method used in Bloor’s [1929j oxidimetric estimation. The alcohol-ether 
extract was evaporated to dryness (with a current of hydrogen in the final 
stages), the residue was extracted with anhydrous ether (free from peroxide), 
the centrifuged extract was concentrated by evaporation, and the phospholipins 
were precipitat(».d by acetone and an alcoholic solution of magnesium chloride. 
The precipitate, washed with acetone, was extracted with moist ether to dissolve 
the phospholipins. The residues and washings at all stages were analysed for 
phosphorus with the results shown in Table III. 


Table HI. 


“Lipoid P” of 

P left 

P in the 

P left in 


Percentage 

the original 

after ether 

acetone 

the MgCh 

P in the final 

of the 

blood 

extraction 

washings 

resichie 

ot her extract 

original P 

mg. j)er 100 ml. 

mg. 

mg. 

»»g* 

mg. 

recovered 

9*66 

0*05 

0*00 

0*27 

9*06 (94 %) 

97*1 

12*71 

0*07 

0*00 

0*32 

12*06 (95 %) 

98*0 

11*56 

0*05 

0*(X) 

0*42 

10*56 (91 %) 

95*5 

12*48 

0*06 

0*00 

0*22 

11*91 (95 %) 

97*6 

10*45 

0*08 

0*00 

0*28 

9*92 (95 %) 

98*3 

12*77 

0*05 

Trace 

0*23 

12*22 (96 %) 

98*0 


The original alcohol -ether phosphorus is adequately accounted for in the 
various residues and extracts. In all but one case, at least 04 % of the original 
phosphorus was recovered in the final ether extract. No appreciable loss occurs 
except at the stage where the purified phospholipins are extracted with moist 
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ether. This cannot be manipulative error, for it would not all be concentrated 
at this point, and 99*5 % of the total phosphorus was initially extractable with 
ether. The most obvious, and probably the correct, explanation lies in the 
assumption that decomposition has occurred to a slight extent. It is noteworthy 
that the precipitate, pure white at first, invariably darkens slightly on standing 
even when the ether used is completely peroxide -free. The 1~3 % of phosphorus 
which remains with the magnesium chloride cannot be recovered by increasing 
the number of extractions with moist ether; nor is there any insoluble phospho- 
lipin-magnesium chloride complex, since acidification does not increase the 
quantity of phosphorus extracted. It is noteworthy too, that repeated purifi- 
cation by reprecipitation with acetone and magnesium chloride involves, each 
time, the loss of 1-3% of phosphorus in the residue of magnesium chloride 
(with a corresponding loss of fatty acids) — a fact which also points to decom- 
position. 

Having regard to the notorious instability of the phospholipins, especially 
when they are in the pure state, it is almost certain that after precipitation 
there is slight decomposition to inorganic phosphorus, or some other ether- 
insoluble fraction, with loss of the corresponding amount of fatty acids in the 
acetone washings. Even without such an assumption, 95% of the original 
lipoid phosphorus’' has turned out to be true lipin phosphorus, and there are 
indications, as noted above, that the percentage is even greater. It will be seen 
in the above table that a small loss (2-3 %) arises from the difficulties of manipu- 
lation, and this also is probabl}'' true lipin phosphorus. 

It seems justifiable to deduce from these experiments that the use of ‘'lipoid 
phosphorus” estimations as a means of determining the phospholipins of blood 
involves a maximum error of 5 % , and that in all probability the error is much 
loss than that, and is, in fact, within the limits to be expected of a micro- 
chemical procedure. 

The method of precipitation by acetone and magnesium chloride provided 
a means of investigating the nature of the blood phospholipins, since it was 
possible to estimate not only the phosphorus but also the fatty acids in the 
ether-soluble matter of the precipitate. The presence of magnesium introduced 
a certain difficulty, however, since the ethereal extract of the precipitate appa- 
rently contained a magnesium complex, which, after hydrolysis, yielded a small 
but appreciable amount of magnesium soaps. As these are not attacked by the 
addition of dilute hydrochloric acid, the results of fatty acid estimations may 
thus be too low. After unsuccessful attempts to remove the magnesium by 
ammoniacal sodium phosphate or by 8-hydroxyquinoline, it was found that a 
white gelatinous precipitate which formed early during the hydrolysis of the 
fats consisted of magnesium hydroxide and could be removed by centrifuging 
without losfj of fatty acid. After the completion of the hydrolysis, acidifica- 
tion and extraction of fatty acids, there was no remaining precipitate of 
magnesium soaps. Attempts to dispense with magnesium chloride resulted in 
a considerable loss of material as did replacement of that salt by alcoholic 
solutions of lithium chloride or cadmium chloride. 

Experiments on these lines gave the rather surprising result that the ratio 
of fatty acid molecules to phosphorus atoms is approximately 1*5: 1*0. For 
lecithin and kephalin the ratio is 2:1, and for sphingomyelin, 1:1. The same 
ratio was obtained when magnesium chloride was omitted and the phospholipins 
were precipitated by acetone alone, although here there was an appreciable loss 
of material, l^fication of the material by reprecipitation with aa^tone and 
magnesium ohlotide does not affect the ratio. 
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Table IV. Table showirig the equivalent of 1 mg. of ‘‘lipoid phosphorus^* 
in terrn,s of mg. of fatty acids in the phosphoUpins of blood. 


Magnesium not removed 
Magnesium not used during precipitation 
Magnesium removed as phosphate 
Magnesium removed as hydroxide 


Equivalent 

found 

Notes 

13-24 

Average of 10 analyses 

i:V07 

Average of 2 analyses 

13*07 

Average of 4 analyses 

12-8S 

Average of 3 analyses 

13-12 

Average of 19 analyses 


It seems, therefore, that the phospholipins of blood must consist approxi- 
mately of 50 % sphingomyelin and 50 % of a mixture of lecithins and kephalins. 
The presence of some kephalin is indicated by the fact that the purified material 
is only partly soluble in dry ether. 

This deduction would be modified if the presence of galactosides were demon- 
strated since they contain fatty acids but no phosphorus. Their presence in the 
purified material would mean that sphingomyelin formed more than 50% of 
the mixture, while lecithin and kephalin accounted for (*orrespondingly less. 
We believe, however, that galactosides are not present in the material precij:)i- 
tated by acetone and magnesium chloride. It is true that this material, extracted 
by water, gives a positive Molisch reaction (of intensity varying in different 
samples) and shows the presence of “sugar*’ which can be estimated by the 
Hagedorn- Jensen method. Purification by repeated re precipitation and elution 
with ether, however, completely abolishes the Molisch redaction without appre- 
ciable alteration of the fatty acid : phosphorus ratio. Elimination of galactosides 
by purification would result in a change in this ratio. Moreover, consideration 
of the delicac^^ of the Molisch reaction and the amounts of material conct'med 
indicate that the ropurified phospholipin fraction contains iiot more than 5 % 
of fatty acid, at most, which could be combined with carbohydrate. 

Theoretically, it should be possible to estimate the relative amounts of 
lecithin (and/or kephalin), sphingomyelin and galactosides by determination 
of the nitrogen, phosphorus and fatty acid contents of the purified material. 
Taking as a basis the recognised composition : 


Lecithin and kephalin 

Sphingomyelin 

Galactosides 


Phosphorus 

atoms 

1 

1 

0 


Nitrogen 

atoms 

1 

2 

1 


Fatty acid 
residues 
2 
1 
1 


this procedure should give three simultaneous equations. Previous workers 
have found excessively high values for the nitrogen content of partly purified 
preparations [Channon and Collinson, 1929; Macl.<ean, 1912] and the presence 
of foreign nitrogenous stibstances has of necessity been postulated. In our 
analyses, material purified by a single acetone-magnesium chloride precipitation 
gave values for the N :P ratio varying from 2*35 to 3*67, Calculation from the 
observed fatty acid : phosphorus ratio of 1-5:1 shows that the maximum value 
for the N:P ratio is 2-5 which occurs when lecithin (and kephalin) is absent, 
and sphingomyelin accounts for 66% of the material, the remainder being 
galactosides. The figures for nitrogen thus point, in our analyses also, to the 
presence of foreign matter. Purification (which, as already stat^, does not alter 
the relative amounts of phosphorus and fatty acids) certainly reduces the N : P 
ratio, but we have never found a value below 2-0 which would correspond to 
a mixture of 1 part of lecithin (and/or kephalin), 2 parts of sphingomyelini and 
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1 part of galactosides. With the amount of material at our disposal, the carbo- 
hydrate of such a mixture should be readily detectable. 

Since we failed to detect any carbohydrate in the purified material, and since 
the N:P ratio was very variable even in the purified specimens, it seems that 
the evidence from the nitrogen estimations must be regarded as unreliable, that 
the absence of galactosides from the purified phospholipins is most probable, 
and that therefore the phospholipins of blood consist essentially of a mixture 
of equal parts of sphingomyelin and lecithin (and/or kephalin). 

SlTMMABY. 

Conditions are described for the accurate measui‘ement of organic phos- 
phorus by the Fiske and Subbarow method, and in particular for the determina- 
tion of ‘‘lipoid phosphorus ''. 

Evidence is advanced that the “lipoid phosphorus” — i.e. the phosphorus 
})resent in the alcohol-ethor extract of blood — affords an accurate measure of 
the phospholiinns. 

In preparations of phospholipins, purified by repeated precipitation by 
acetoTK' and alcoholic magnesium chloride, the ratio of fatty acid molecules to 
phosphorus atoms is about 1*5: 1. Since the balance of evidence is against the 
presence of galactosides, this is interpreted as indicating that about half of the 
phospholipin consists of sphingomyelin and half of a mixture of lecithin and 
ke})halin. 

The (‘xpenses of this work were partly defrayed by a grant from the Moray 
Fund of this University, hereby gratrfully acknowledged. 
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We are still profoundly ignorant of the methods by which the fatty acids are 
oxidised in the body and of the nature of the intermediate stages of their 
oxidation : even in the laboratory, the effect of different conditions of oxidation 
has been little studied. The classic experiments of Dakin [1908] showed that 
when fatty acids containing six or more carbon atoms in the molecule were 
oxidised by heating the solutions of their ammonium salts with two molecular 
proportions of hydrogen dioxide for at least 2 hours on a boiling water-bath, 
about 10% of the acid underwent jS-keto-oxidation, one molecule of CO 2 being 
split off and the corresponding mcthylketone formed. The lower acids were 
rather more completely oxidised, between 40 and 50% of a molecular pro- 
portion of CO 2 being split off from formic and propionic and about half that 
amount from acetic and butyric acids. The identification of propionic? and later 
of as much as 50% of succinic acid [Cahen and Hurtley, 1917] among the 
oxidation products of butyric acid showed that a-, jS- and y-oxidation of butyric 
acid had occurred, a similar finding being later established for palmitic acid by 
the work of Clutterbuok and Raper [1925]. 

This oxidation of the fatty acids was greatly increased by adding a few drops 
of a cupric solution to the dioxide reaction mixture [Smedley-MaoLean and 
Battie, 1929]; in the case of the higher fatty acids, evidence was produced that 
in the presence of the catalyst hydroxylation took place simultaneously at 
several points in the chain of carbon atoms, unsaturated fatty acids being 
formed and a considerable proportion of the original acid broken down to acids 
containing 4 or fewer carbon atoms [Smedley-MacLean and Pearce, 1934]. 

A quantitative study has now been made of the oxidation of the lower fatty 
acids by means of hydrogen dioxide and of the effect producx^d by the addition 
of the copper catalyst. The earlier experiments were carried out under similar 
conditions to those already recorded [Smc^dley-Maclican and Battie, 1929], but 
this method had the disadvantage that the rt?action took place in a medium in 
which the degree of acidity constantly increased as acid products were formed: 
further, the concentration of hydrogen dioxide was constantly decreasing since 
the total amount of the dioxide was added at the beginning of the experiment. 


Preliminary experiments. 

Preliminary experiments established that when a solution of the sodium 
salt of a lower fatty acid was treated with a large excess of hydrogen dioxide 
at 60"' in the presence of a cupric salt, the acids were oxidised to COj in the 
following proportions: formic, 00%; acetic, 30%; propionic, 40%; butyric. 
10 %. 


( 1690 ) 
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At 90®^ from 20 to 25 % of the total carbon of butyric acid appeared as COg, 
9-14 % as succinic acid, 4-5 % as acetone, 3 % as formic acid and 3 % as alde- 
hyde. Propionic and acetic acids were estimated as 8*5% and a considerable 
proportion of the butyric acid was recovered unchanged. 

The precipitates of 2:4-dmitrophenylhydrazone8 from the non-volatile pro- 
ducts were separated by recrystallisation from 96 % alcohol into two substances ; 
one, molting at 291®, was reerystallised from ethyl acetate and chloroform and 
satisfactorily identified by comparison with a specimen prepared from methyl- 
glyoxal. 

The other after several recrystallisations from alcohol melted at 201®. 
(Found (microanalysis): C, 42-97, 42*74; It, 3*72, 3*67; N, 19*45, 19*10%. 
Molecular weight., by East's method, 279. CioHi(,0<jN4 requires: C, 42*56; 
H, 3*55; N, 19*86%. Mol. wt. 282.) 

This hydrazone appeared therefore to be derived from a keto-derivative of 
butyric acid. Specimens of the corresponding hydrazones of a- and jS-keto- 
butvric acids and of the half aldehyde of succinic acid wore prepared: these 
melted respectively at 201®, 65° and 103°. However, on taking a mixed melting 
point of the unknown substance and the hydrazone prepared from a-ketobut\Tic 
acid, both melting at 201°, it was found to be 1 86°. Our supply of this substance 
was now exhausted and we were unable to explain the discrepancy. The a-keto- 
acid used for comparison was prepared by condensing together hippuric and 
pyinivic acids in the presence of acetic anhydride and decomposing the resulting 
azlact-onecarboxylic acid by heating it witlx HCl. 

Method of experiment. 

In order to work with an approximately constant concentration of H 2 O 2 , 
the method of experiment finally adopted was as follows. A flask heated to 90° 
in a water-bath was fitted with an inlet tube (for admitting C 02 -free air) and 
with a reflux condenser connected to a series of flasks, the first of which was 
ico-cooled and contained water, and the remainder standard baryta. Y/35 
solution of the acid was introduced and the adjiistc^d to 6*4 by the addition 
of Nj2 NaOH solution (bromothymol blue). The final volume was made up to 
200 ml. and the oxidation started by adding 6 ml. of 20 vols. HgOg solution and 
then, during 1 hour, hydrogen dioxide and Nj2 sulphuric acid (or Y/2 alkali as 
required) sufficient to maintain the concentration of dioxide at 0*19% and the 
Pu at 6*4. During the course of the experiment a steady current of air was 
drawn through the apparatus. The rates of addition are shown in Figs. 1 and 2. 

The amounts of hydrogen dioxide and acid to be added at any given time 
were found in preliminary experiments carried out in an open flask so that 
samples of the solution could be removed and analysed. Every 2 or 3 minutes if 
the action was rapid, or less frequently if it was slow, a drop of solution was 
removed by the pipette and the p^ determined using a bromothymol blue 
capiliator; 1 ml. was also withdrawn and the hydrogen dioxide content deter- 
mined by titrating with cold N/20 acid KMnOi. Since in some of the experi- 
ments oxidation products were present which readily reduced the cold per- 
manganate solution, the method was frequently checked by adding 1 ml. of the 
solution under examination to acidulated KI solution and estimating the iodine 
liberated. 

These determinations can be rapidly performed and the necessary amoxmts 
of the dioxide and standard alkali added at frequent intervals to the main 
volume of solution. The amounts required were plotted against the time and 
8 erved as a guide for the amounts of these reagents to be run in during subsequent 
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experiments; by repeated trial the amounts necessary to maintain a constant 
concentration of the dioxide and a steady of 6*4 were arrived at. 

When the oxidation had been continued for 1 hour, 10 ml. N alkali were 
added and the flask was rapidly cooled. The dioxide was quickly decomposed 
and sufficient A/2 sulphuric acid added to make the total quantity of inorganic 
acid added during the experiment just equivalent to the total amount of alkali; 
Anally air was drawn through the apparatus for 20 minutes. 

In the determinations which were made with the copper catalyst, before 
placing the acid to be oxidised into the flask, an aqueous solution containing 
6 ml, of the 6% hydrogen dioxide and 0*27 g. cupric sulphate crystals were 
introduced into the flask and the of the solution was adjusted to 6*4 by the 
addition of A/2 NaOH; a brown precipitate formed and remained during the 
course of the experiment. V^olatile products were removed from the reaction 
mixture by steam -distillation and the nature of the products in the residual 
solution was tested. 

Rate of decomposition of hydrogen dioxide at concentration unih 

and without copper catalyst. 

When a solution containing 0*19% HgOg adjusted to 6*4 was kept at 90° 
the concentration at the end of 1 hour was practically unchangt^d. If however 
10 ml. of 2*73% solution of cupric sulphate crystals and 4 ml. A/2 alkali (the 
quantity found necessary by trial to bring the Ppj of the mixture to 6*4) were 
introduced into the flask and 200 ml. of the dioxide solution then added, the 
copper precipitate which had formed changed to a dark brown and remained 
undissolved. At first, the dioxide decomposed at the rate of about 0*2 g, per 
minute, 3*4 ml. of the 6% dioxide being added each minute to maintain the 
concentration. Gradually the rate fell off probably owing to a surface change 
in the catalyst. The amounts of the dioxide added during 1 hour to maintain 
the concentration are plotted in Curve 0, Fig. 3; the rates of the decomposition 
of the dioxide after different interv^als of time from the original formation of tlie 
cupric catalyst precipitate were obtained by ceasing to add the reagent, with- 
drawing 1 ml. of the mixture at intervals of 1 minute and determining its HgOg 
content. 

Thus directly after the formation of the copper precipitate the origmal 
concentration of the dioxide was reduced to 40 % in 3*3 minutes ; samples tested 
after the precipitate had been formed for 4 hours, during which period hydrogen 
dioxide had been added to maintain the original concentration, showed that the 
concentration now fell to 40 % in 9 minutes, the activity of the catalyst having 
been considerably impaired. 

Results. 

Oxidation of the fatty acids in the absence of a cupric salt. 

When a solution (A/35) of the sodium salt of a fatty acid was heated for 
1 hour under the above-described conditions, no appreciable amount of decom- 
position of the dioxide was detected in the presence of the following acids: 
formic, acetic, propionic, butyric, hexanoic, jS-hydroxybutyxic and acetoaoetic, 
With tartaric acid it was necessary to add about 16 ml. of the dioxide solution to 
maintain the concentration at 0*19% during the houFs heating, an amount 
sufficient to oxidise the whole of the tartaric acid to CO 2 * Some decomposition 
must however have occurred in the case of formic acid and to ^ less extent in 
the cases of propionic and of )8-hydroxybutyTic acids since the alteration in 
sbp'^^d that sodium carbonate had been formed from the salt of tixe acid. 
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These results are shown in Figs. 1 and 2 ; in Fig. 2 the amount of acid added 
to maintain the at 6*4 was the measure of the sodium carbonate formed by 
the complete oxidation of the acid. Thus tartaric acid was completely oxidised 



1 and 2. Oxidation of fatty acids with hydrogen dioxide alone. 1, Formic acid; 2, Acetic 
acid; 3, 1’ropionic acid; 4, Butyric acid; 5, Ilexamucacid; 6. /9-Ilydroxybntyricacid; 7, Aceto- 
acetic acid ; 8, Tartaric acid. 


and about 40 % of the formate and less than 10 % of the propionate and hydroxy- 
butyrate were oonvertcxi into the carbonate. The amount of oxidation under the 
given conditions in the case of the other acids examined was insignificant. 


Influence of the copper catalyst. 

Tire addition of the catalyst produced a striking increase in the amounts of 
acids oxidised, as measured both by the quantity of hydrogen dioxide decom- 
posed and by the changes in the p^ of the solution. 



Mg. 3. -t. 


Figs. 3 and 4, Oxidation of fatty aoidft with hydrogen peroxide and a cupric salt. 0, Hydrogen 
dioxide alone 1, Formic acid; 2, Acetic acid; 3, Propionic acid; 4, Butyric acid; 0, j3-Hy- 
droxybutyrie aeid; 7, Aeetoacetic acid; 8, Tartaric acid. 
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Fig. 3 shows tliat the dioxide was most readily decomposed in the presence 
of the sodium formate and tartrate, the normal rate of decomposition of the 
dioxide being considerably increased. Acetic, propionic, butyric and aceto- 
acetic acids all acted as inhibitors of the normal decomposition in spite of the 
fact that these acids were themselves being oxidised ; j8-hydroxybutyric acid was 
intermediate between the two groups, the rate of decomposition of the dioxide 
being almost unchanged by the addition of this acid to the solution. The differ- 
ence between the actions of acetoacetic and j3-hydroxybutyric acids was marked. 

Examination of Fig. 4 which represents the additions of acid necessary to 
maintain a constant brings out the following points. 

Sodium formate and tartrate were rapidly converted into sodium carbonate, 
the formate being completely oxidised within 5 and the tartrate within 10 
minutes : in order to maintain the constant pjj it was necessary to add sujB&cient 
acid to neutralise the theoretical quantity of sodium carbonate obtainable by the 
complete oxidation of these salts. The vigorous initial reaction which occurred 
in both cases probably accelerated the rate of decomposition of the dioxide. 

Estimations of the carbonic acid liberated confirmed the complete combustion 
of these acids. 

Sodium acetate, propionate and butyrate were not completely oxidised during 
the 1 hour for which the experiment was continued, the proportions of sodium 
appearing as carbonate being respectively 59, 68 and 18%: butyric acid was 
very much less oxidised than either propionic or acetic acid. Since only 18% 
of the sodium of the butyrate had been converted into carbonate, the remaining 
82% must have been present as neutral sodium salts: propionic, acetic and 
succinic acids were identified and a considerable proportion of unchanged 
butyrate. Acetone was also present; its estimation at the end of the experiment 
showed that 28 % of the butyric acid had been transformed into acetoacetic acid, 
but since the acetoacetic acid and acetone themselves undergo oxidation during 
the course of the experiment, the amount actually converted must have been 
considerably larger. The high percentage of acetone is in agreement with the 
results of Witzemann [1918] who showed that oxidation in a neutral medium 
favoured the production of acetone. 

Table I. Oxidation of 0*5 g. butyric acid (as sodium butyrate). 


('Oa Acetone Volatile acifla 


^ 


A 

f 


, 



Wt. 


Percentage 


Percentage 
of total G 

Wt. Na 

Mean 

sodium suc- 

Wt. g. 

of total C 

Wt. g. 

Balts, g. 

mol. wt. g, 

. cinate, g. 

(1) ()-236 

23-6 





— 





(2) 0-250 

250 

0*097 

22-2 

0-18 

73 

0027 

(3) 0-28H 

28-8 

0 088 

200 

0-20 

77 

0059 

(4) 0-281 

28-0 

0^087 

19-8 

0*17 

74 

0032 



Mean percentage of carbon 

. A 









As succinic 

As CO, 


As acetone 

Ab volatile acid 

acid 

26-37 


20*7 


370 


4*0 


Oxidation of sodium cuieioacetate and p-hydroxybutyrate* 

The oxidation of acetoacetic acid was carried out by Dakin [1924] who 
mentions that he identified acetic, glyoxylic, formic and carbonic acids as products 
of its oxidation. Engfeldt [1921], using KMn 04 , found acetic'^ glyoxylic and 
oxalic acids, whilst Clutterbuck and Raper [1926], who worked at ordUnary 
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temperature with hydrogen dioxide in strongly alkaline solution, obtained a 
number of products of which they believed ajS-dihydroxycrotonic or a-hydroxy- 
acetoacetic acid to be the first formed. The influence of strong alkali in producing 
condensation products makes it improbable that this method furnished a useful 
analogy for the process of combustion of the fatty acids in vivo. 

It seemed to us of some importance to compare the course of oxidation of 
jS-hydroxybutyric and acetoacetic acids and to determine whether the hydroxy- 
acid passes through the keto-oompound during its oxidation by means of the 
dioxide. The conditions used were the same as those described above with the 
addition of the cupric salt. Experiments were therefore carried out to find 
how rapidly the aoetoac.etic acid decomposed when kept under the conditions 
of the experiment without the addition of the dioxide : the results are shown in 
Table II. 


Table II. Rate of decomposition of acetoacetic acid in aqueous 
solution at 6^4 to 7*0 at 90 "^. 

mg. acetone in 10 ml. of solution after heating 

A 

As acetoacetic acid 


mg. acetoiM^ aR 



^ 

A 

awtoacjetic acid 

Duration of 



(c) Calculated for 

in 10 ml. of 

heating 

{«) 

(ft) 

ll'l mg. in 

original Bolution 

mins. 

Free 

Found 

original solution 

IM 

0 

0-0 

IM 

IM 

11-6 

5 

M3 

10*5 

100 

11-6 

10 

201 

9*62 

9*2 

IM 

13 

2-65 

8*15 

8*1 

IM 

25 

4*27 

6*87 

6*9 

91 

40 

5*50 

3*53 

4*3 

9-5 

50 

6*18 

3*04 

.1*0 


In (6), the excess aceU>acetic acid was determined as in Folin’s method by drax^ing oti the 
a<’etone from the salt -saturated solution. 

Und(?r the conditions of the experiment, even at 90 % the acetoacetic acid 
appeared to be only slowly decomposed into acetone and COg . 

Curves (6) and (7) in Fig. 4 show that for the first 20 minutes a steady 
formation of tiJkaline carbonate took place, indicating either the de(‘omposition 
of a wrresponding amount of jS-hydroxybutyric or acetoacetic acid into neutral 
substance (aldehyde or acetone) and alkaline carbonate or its complete oxidation 
to carbonic acid. The change in the slope of the curve for the next 10 minutes 
shows that excess of acid was being formed to neutralise the carbonate either 
by oxidation of a neutral substance or from the decomposition of the original 
acid into two acid molecules. During the second half hour the direction of the 
curve indicated a steady change from the sodium salt of an organic acid to sodium 
carbonate. Since it was probable from these data that the maximum amounts 
of neutral substance were present at the end of 20 minutes, an experiment was 
carried out for this period, the volatile products being passed into a solution of 
2 : 4-dimtroplienylhydrazine hydrochloride. The hydrazones from the oxidation of 
1*77 g. aoetoaoetio and from the same amount of j8-hydroxybut3rric acid were 
separately collected, dried to constant weight, the melting-points determined 
and the products crystallised. The results indicated that a maximum of about 
13 % of the hydmxy butyric and 37 % of the acetoacetic acid had been converted 
into acetone. In both cases the hydrazones melted between 110^ and 11 6 *^ and 
consisted mainly df acetonehydraasone with a small amount of acetaldehyde* 
hydraaone. A^r several recrystaliisations from alcohol, 80 % acetic acid was 
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used as the solvent, but acetone-2 :4-dinitrophenylhydrazone appears to be 
rapidly decomposed by this solvent, acetyldinitrophenylhydrazine melting at 
107° crystallising out. 

Table III shows the amounts of COg and acetone obtained after oxidising the 
hydroxy- and keto-acids for 1 hour under the given conditions. Nearly twice as 
much OO 2 was formed from the hydroxybutyrate as from the acetoacetate, but 
the proportion of acetone obtained from the latter was very much greater. 
It seems permissible therefore to conclude that under the given conditions the 
main path of oxidation of the j8-hydroxybutyric acid does not pass through the 
keto-acid. 


Table III. The oxidation of ^-hydroxybvlyric and acetoacetic acids. 



Wt. acid 

Wt. 

%c 

ml. N NaOH 
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COj 

as 

to neutralise 

r ^ 

" " > 
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g- 

COa 
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%ofC 

Na j3-hydroxybutyrate 







Oxidised J hour 

0-59 

0-51 

51-45 

5-28 

0-050 

lJ-3 

Oxidised 1 hour 

0-69 

0-77 

771 

4-5 

0-022 

5-0 


0-59 

0-74 

73-7 

1-7 

0-029 

6-6 

Na acetoacetate 







Oxidised 1 hour 







Estimated by titration 
Estimated by acetone 
♦♦ »> 

o-en 

0-58 f 

0-46 

46-4 

2-5 

0-110 

24-8 

0-58 

0-42 

42-3 

5-4 

0-09 

20-9 

Acetone 







Oxidised 1 hour 

0-33 

— 

5-2 

— 

0-J6 

48-8 


The oxidation of some possible intermediate products in the combustion of 
j3-hydroxybutyric acid was investigated and the curves of the hydrogen dioxide 
decomposition and acidity changes were plotted. Figs. 5 and 6 represent the 
changes produced by the oxidation of acetone, acetic, glycoUic, oxalic, malonic, 
lactic, pyruvic, jS-hydroxybutyric and acetoacetic acids. 



Time in mins. 


Fig. 6. Fig. 6. 

Figs. 5 and 6. Oxidation of possible intermediate products formed from acetoacetic acid and 
^-h;y'droxybutyric acid. 2, Acetic acid; 6,j8-HydToxybutyricacid; 7, Acetoacetic acid; 0, Oxalic 
acid; 10, GlyoolUc acid; 11, Acetone; 12, Lactic acid; 13, Pyru^c acid; 14, Malonic acid. 
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(1) The oxidation of acetone (Curve 11) was slow. Since no sodium was 
present in the original substance, there was no formation of alkaline carbonate 
and only about 35% of the acetone was converted into fatty acid during the 
hour. Probably a slow conversion into acxitic acid was taking place : very little 
CO 2 was evolved. 

(2) Previous oxidation of the methyl group of acetic acid greatly increased 
the rate of further oxidation. Oxalic and glycoUic acids were rapidly oxidised, 
as was also malonic acid (Curves 9, 10 and 14, Fig. 6). 

(3) With pyruvic acid there was so rapid a development of carbonic acid 
that the addition of a small amount of alkali was necessary to maintain the 
Pii at 6*4. Subsequently the curve followed very much the course of that of 
acetic acid (Curve 13, Fig. 6). 

(4) The curve for lactic acid showed a fairly rapid development of alkalinity 
and in these experiments a strong smell of aldehyde was notict»d at the beginning 
of the oxidation . It seems probable that the lactic acid decomposed into acetalde- 
hyde and formate, the latter being then oxidised to carbonate (Curve 12, Fig. 6). 

The production of acetic acid by oxidation of the aldehyde overtook the 
formation of the carbonate and after about 20 minutes the curve closely 
resembled that plotted for the oxidation of acetic acid. 

(5) Curve 6, Fig. 6, representing the oxidation of )3-hydroxybutyric acid, 
showed a break similar to that obtained with lactic acid : it would be consistent 
with decomposition into acetaldehyde and glycollic acid, the latter being readily 
oxidised to carbonate and this being neutralised at first by the acid added and 
then by the acetic acid formed from the aldehyde. 

(6) If the sodium aeetoacetate (Curve 7, Fig. 6) had been rapidly oxidised to 
acetone and COg, rapid formation of carbonate would have followed and as 
the formation of ac^id from acetone is slow, the curve would have dropped 
rapidly and then slowly risen. Actually the formation of carbonate was con- 
siderably slower than with acetic acid, the slight subsequent rise suggesting 
oxidation of a neutral product such as acetone and the gradual oxidation of 
acetic acid. 

Application of the results of oxidations in vitro to the oxidation of the 
axetone bodies in the organism. 

The chief facts that have been established with regard to the fate of aceto- 
acetic and /3-hydroxybutyric acids in the body may be summarised as follows : 

(3 ) jS-Hydroxybutyric acid is burnt in the body with ease and only traces of 
acetoacetie acid or acetone an^ excreted in the urine after its injection [IVIackenzie, 
1902; Dakin, 1910; Blum, 1910J. 

(2) d-jS-Hydroxybut^Tic acid is more readily burnt than the laevo-form, 
none of the former i>eing excreted ^Mackenzie, 1902 ; Marriott, 1914]. 

(3) Administration of acetoacetie acid leads to the excretion of ^-hydroxy- 
butyric acid (Marriott, Blum). 

(4) Acetoacetie acid is readily reduced in liver perfusion experiments, by 
liver tissue and by yeast cells [Embden and Michaud, 1908; Friedmann and 
Maase, 1910; Dakin, 1910]; in the presence of sugar, about 80% of added potas- 
sium aeetoacetate was converted into d-hydroxybutyric acid [Friedmann, 
1932], The reverse change is less readily accomplished. 

The results now presented show that when sodium j8-hydroxybutyrate is 
oxidised with hydre^en dioxide in the laboratory under the prescribed con- 
ditions, only a small proportion of it is oxidised to the keto-acid, the main part 
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being rapidly broken down to CO 2 and water without passing through aoeto- 
acetic acid. Some acetic acid is formed but foimic acid if produced would have 
been so rapidly oxidised under the conditions of the experiment that it would 
not have been detected in any significant quantity. 

It appears therefore legitimate to conclude that the acetoacetic acid formed 
by the combustion of fatty acids in the body may be reduced to j8-hydroxy- 
butyric acid and this acid burnt without again passing through the stage of 
acetoacetic acid. 

We know that formic and acetic acids are normal constituents of the urine 
[Schotten, 1882-83; Thudichum, 1856], When doses of 20-25 g. of these acids 
were given by mouth, less than 20 % formic and 10 % acetic acid were excreted. 
Knoop and dost [1924] found that the injection of j8-hydroxy butyric acid was 
not followed by a rise of the blood lactic acid, yet afUjr feeding with the same 
acid, lactic acid appc'ared in the urine. They considered that this elimination was 
to be attributed to a stimulation of the kidneys and not to a direct conversion 
of the hydrox 3 ^-acid into lactic acid by a»oxidation. No evidence of any other 
intermediaries formed in the combustion of the acetone bodies has been pro- 
duced, though the existence of oxygen-containing derivatives of acetic acid 
seems probable. 

Oxidation of the fatty acids in the presence of glucose , 

The antiketogenic effect of glucose in the body has led various observers to 
study the effect of glucose on the oxidation of the fatty acids in vitro and 
particularly on the oxidation of acetoacetic acid. 

Shaffer [1921] found that when hydrogen dioxide was added to a mixture of 
acetoacetic acid and glucose in alkaline solution, the acetoacetic acid disapjKJarod 
rapidly at room temperature, the rate of disappearance increasing with the 
amount of glucose present and the degrc^e of alkalinity. No similar reaction 
occurred with acetone, j3-hydroxybutyric acid or butyric acid. It was suggested 
that two molecules of acetoacetic acid cH3ndensed with some oxidation product 
of the sugar, such as glycollic aldehyde, since this, like glucose, caused increased 
oxidation of the acjfitoacetate ; the condensation product would then undergo oxi- 
dation [Shaffer and Friedmann, 1924]. Witzemann [1918] studied the oxidation 
of butyric acid under widely varying conditions and obtained the greater pro- 
portion of acetone the more nearly neutral the reaction mixture was kept. The 
acetone was mort^ readily oxidised in an alkaline medium ; the addition of glucose 
by developing acid oxidation products, increased the acidity of the solution and 
therefore the yield of acetone. 

If acetoacetic acid in the body were reduced to the hydroxy-acid before it 
was oxidised and the effect of glucose was concerned with this reduction as in 
the experiments with yeast carried out by Friedmami [1932], the condensation 
of acetoacetic acid with an oxidation product of glucose would be without 
significance as to the fate of acetoacetic acid in the body. 

Effect of the presence of fatty acids on the oxidation of glucose. 

The oxidation of glucose was studied, the concentration of dioxide being 
maintained at 0-19 % and the pg at 6-4. 

When no copper salt had been added, the addition of the fatty acid to the 
glucose solution greatly inhibited the oxidation of the glucose. On Fig. 7, the 
amounts of hydrogen dioxide added to maintain the conoentratton at 0*19 yo 
during the hour for which the experiment was carried out are shown. The total 
amount of decomposition of the glucose was small: it was diminished by tfee 
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addition of formic, acetic and j8-hydroxybutyric acids and almost entirely 
inhibited by propionic, hexanoic and butyric acids. Fig. 8 which represents the 
amounts of acid and alkali added to maintain a constant pjj brings out the 



Fig. 7. Fig. 8. 


Figs. 7 and 8. Oxidation of fatty acids in the prt'sence of glucose, without a catalyst. 1, Formic 
acid; li. Acetic acid; 3, I*ropionic acid; 4, Butyric acid; 5, Hexanoic acid; 6, jg-Hydroxy- 
butyric acid; 15, Glucose alone. 

same relationship. The presence of hexanoic, butyric and propionic acids almost 
(‘Utirely prevented the formation of acid products : with liydroxybutyTic, acetic 
and formic acids the inhibition was partial. The degree of inhibition appears 
to be coimected with the ease with which the acid undergoes oxidation, those 
acids which are least readily oxidised producing the strongest effect. 

Oxidation of glucose and fatty acids in presence of a cupric salt. 

The results of these experiments are represented in Figs. 9 and 10 : the normal 
decomposition rate of the dioxide was greatly stimulated by the presence of 
glucose alone and glucose with formic acid. It was slightly inhibitc^d by the 
addition to the glucose of acetic and jS-hydroxybutyric acids, rather more when 
I)ropionic and acetoacetic acids were added and very much inhibited by the 
presence of butyric and hexanoic acids. 

In Fig. 10 the amounts of acid and alkali which were added to maintain the 
constant pjj are plotted. The acid products formed from glucose were first 
neutralised by additional alkali, and then as these were converted to carbonate, 
acid was added for its neutralisation. The time for the total oxidation of the 
glucose was slightly less than 30 minutes. Oxidation of the formate into car- 
bonate was very rapid : this was then overtaken by the formation of acid products 
from the glucose, the whole action being over, as with the glucose alone, in about 
30 minutes. The effects of acetic and hydroxybut 3 nric acids were closely similar. 
Butyric and hexanoic acids strongly inhibited the combustion of the glucose. 

The curves in Fig, 11 represent the results produced by subtracting the effect 
of the fatty acid alone (Fig. 4) from the effect obtained when it was added to the 
glucose (Fig. 10), thus the differences due to the conversion of the sodium of 
the original salts into carbonate are eliminated and the residual differences 
represent the degree of inhibition of the combustion of the sugar. 

Bioohem. 1935 xxnc 
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Time in mins. 


J^ig. 9. Fig. 10. 

Pigs. 9 and 10. Oxidation of fatty acids in the presence of glucose using a catalyst. 1, Formic 
acid; 2, Acetic acid; 3, Propionic acid; 4, Butyric acid ; 6, Hexanoic acid; 6, ^-Hydroxy butyric 
acid; 7, Acetoacetic acid; 15, Glucose alone. 
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Tho time taken to reach the base line may be taken as the measure of the 
inhibition. The effect of the formic acid is very slight, those of acetic and 
jS-hydroxybutjrric acids are somewhat less; butyric acid is a very powerful 
inhibitor and aoetoacetic and propionic acids are intermediate. The difference 
between the effects produced by j8-hydroxybut3rric and aoetoacetic acids is 
very striking (Curves 6 and 7). 

These results show that under the given conditions there is no evidence that 
the simultaneous oxidation of glucose increased the oxidation of the fatty acids 
investigated, but the fatty acids acted as inhibitors of the oxidation of the 
glucose by the hydrogen dioxide. 

SUMMABY. 

1. Oxidation of some lower fatty acids and their derivatives weis effected 
by means of hydrogen dioxide at a temperature of 90°, the of the reaction 
mixture being kept approximately constant at 6*4, and the concentration of 
the dioxide being kept as closely as possible at 0-19 % . The amount of oxidation 
was greatly increased by the addition of a cupric salt. 

2. The substances investigated were formic, acetic, propionic, butyric, 
j8-hydroxybutyric, aoetoacetic, tartaric, glycollic, oxalic, lactic and pyruvic 
acids and acetone. 

3. Under the given conditions only slow decomposition of the aoetoacetic 
acid took place in the absence of the oxidising agent. 

4. ^-Hydroxybutyric acid was much more readily oxidised than aoetoacetic 
acid and the main path of oxidation does not therefore pass through the keto- 
acid as a preliminary stage in oxidation. 

5. Lactic and j3-hydroxybutyric acids may suffer preliminary decomposition 
into acetaldehyde and a molecule of fatty acid. 

6. The addition of the sodium salts of the fatty acids to a glucose solution 
inhibited to different extents the oxidation of the glucose, and the addition of 
the glucose did not promote the decomposition of the fatty acids. 
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Determination of endogenous nitrogen excretion. 

In attempts to compare the nutritive value of different proteins by theii* i‘elativo 
power to maintain nitrogenous equilibrium, a trustworthy estimate of the daily 
loss of endogenous nitrogen, for the particular experimental animal employed, 
is a primary requirement. The usual method is to determine the nitrogen excreted 
in the urine and faeces, when the diet consumed is as far as possible free of 
nitrogen and consists only of carbohydi’ate and fat, with the addition of the 
necessary minerals and vitamins. 

In the course of a long series of experiments, in which the biological value 
of diflFerent proteins has been studied by the '‘balance sheet method’’, the 
variability in the endogenous nitrogen excretion shown by the same animal at 
different times has been a disturbing factor, and attempts to achieve a greater 
degree of constancy have not been altogether successful. The m(‘thod used, 
employing the adult male rat as experimental animal and the formula adopted 
for calculating the biological value of the protein under examination have been 
previously described [Chick and Roscoe, 1930; Boas-Pixsen, 1930; Boas-Fixsen 
and Jackson, 1932]. 


The fonuula used is derived from the original expression of Thomas [1901); 1910J as follows: 
The relative biological value of a protein Jl is expressed as: 


100 X 


Body nitrogeJi saved 
Food nitrogen absorbed 

_ IQQ J j excreted in experiment wit h -( N excrete d on N>free diet )) 

~ ( True nitrogen intake in experiment with X | 

100 x ■*! + 

I I 




V" 


.( 1 ) 


whore I and are the daily N intake, urinary N excretion and faecal N excretion, respec- 
tively, in the experiment with .X, 1 

and and are the daily (endogenous) N excreted in urine and faeces, respectively, as 

determined in experiments on a nitrogen-free diet. 

I' X ^ will represent the nitrogen m the faeces derived from undigested food and {Fg. 

the true N intake, in the experiment with'protein X. 

Any irregularity in the values obtained for U ^ will affect the value of the above expression (1) 
more seriously when and are relatively small, t.e. when the protein investigated is present 
at a low level in the diet. In our experience a greater divergence has been found in the results 
of experiments witb diets containing 3 % protein, than when 10 % was present. 

( no2 ) 
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Duration and arrangement of experiments. 

In the past the experiments have been so arranged that each observation has 
lasted 4 days, with daily collection of excreta and washing of the metabolism 
cage. When a “nitrogen-free’’ diet was fed, there also was a preparatory period 
of one day on a low nitrogen diet, followed by 2 days on a “nitrogen-free” 
diet ; with protein-containing diets there were two preliminary days with the 
diet in question before analyses were made. The rats were used for experiment 
in alternate weeks and during the intervening “rest” weeks they received a 
synthetic “complete” diet (CB) which contained 18% protein in the form of 
caseinogen; this was sometimes supplemented with liver or other constituents 
of the ordinary stock diet during the earlier part of the rest pc^riod. 

One difficulty in securing satisfactory performance during the experimental 
periods, especially when nitrogen-free or low protein diets were fed, is the main- 
tenance of appetite, so that the amount eaten daily may remain constant during 
the 4 days of the experiment at a level sufficient to supply all energy needs from 
the carbohydrate and fat of the diet. We have found it a good plan to limit the 
consumption both of the “ CB ” diet in the period immediately before the experi- 
ment, and of the experimental diet during the preparatory period, to the amount 
that will just, and only just, maintain weight, about 11 to 14 g. dry food 
daily (all diets being arranged to contain 4 Cals, per g. from the fat and carbo- 
hydrate constituents). If any surfeit is avoided in these preparatory periods, 
the appetite is more likely to bo maintained during the 4 days of the experiment. 
It has also been found advantageous to place tlie rat in the metabolism cage 
during the preliminary 2-3 day period on the experimental diet, as the change 
of cage may also affect the appetite. Since these precautions have been adopted, 
satisfactory experiments have been found easier to achieve. 

The “nitrogen-free” diet used in these experiments was constituted as 
follows: corn starch 735, clarified beef dripping 130, salts (McCollum mixture 
No. 185) 50, cod-liver oil 20, and CaCOg 8. Its nitrogen content varied from 
0*02 to 0'04 % . Each rat in addition received concentrates from yeast extract 
containing the B vitamins, the nitrogen in these amounting to 2-4 mg. per rat 
per day. Thus the total daily intake of nitrogen from these sources for a rat 
eating 12-16 g. “nitrogen-free” diet was 6-7 mg. 

Endogenous urinary nitrogen. 

There appeared to be some doubt whether the 2-3 day preparatory period 
was long enough to eliminate the effects of the preceding diet, especially when 
the change was made from a high protein to a “nitrogen-free” diet, as in 
experiments made to determine the endogenous nitrogen excretion. Ashworth 
and Brody [1933] found that the urinary nitrogen per kg. body weight excreted 
by rats living on a nitrogen-free diet did not reach a minimum value until 
10-15 days after the beginning of the diet and that thereafter the daily varia- 
tions were large. Roche [1933] obtained similar results; in some cases the 
endogenous urinary nitrogen per unit body weight fell continuously until a 
sudden rise occurred, immediately preceding ^he death of the animal from 
nitrogen starvation. MitcheU et ol, [1922] found a rapid fall in endogenous 
urinary nitrogen during the first day on a “nitrogen-free” diet and thereafter 
a rough constancy with 2 out of 4 rats, but a slow decrease with the other two. 

In order to ascertain whether in our experiments the urinary nitrogen output 
did further decrease after the prelinunary period, a series of experiments was 
performed in whidi collections of excreta and analyses were made during 
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Table I. 


Average daily excretion of N of rats maintained on “N*free” diet for 10-14 days, 
no analyses being made during first 3 days (usual preparatory period). 

Average daily N excretion (mg. N) 


Days 8-10 


Urine 


Faeces 


Days 11-14 


Urine 


Faeces 


Days 4-7 

A 


Hat 

No. 

Date 

Urine 

Faeces 

68 

12. Vi. 33 

63*2 

16*7 

69 

10. vii. 33 

92*8 

16*8 

62 

♦19, vi. 33 

lOM 

20*6 


10.viii.33 

820 

26*7 

63 

12. vi. 33 

84-0 

18*4 

64 

*19. vi. 33 

85*3 

18*0 


8. viii. 33 

73*6 

21*7 

66 

*12. vi. 33 

86*2 

14*6 

72 

1. V. 34 

86*7 

19*6 

78 

1. V. 34 

104*5 

19*7 

77 

11. V. 34 

t69*l 

tl7*7 

87 

11. V. 34 

t61*7 

t21*2 


♦ Average from experiment in Table II, 


62*3 

18*6 

— 

— 

81*2 

21*0 

— 

— 

83*4 

21*9 

— 

— 

73*6 

21-7 

— 

— 

69*7 

19*0 

— 

— 

72*7 

21*3 

— 

— 

9M 

16*7 

— 

— 

82*0 

16*9 

— 

— 

No analyses made 

f > 

70*7 

85*9 

16*2 

21*0 

63-3 

17*0 

— 

— 

50-2 

20*1 — 

t Average of 3 days only. 




Fig. 1. Urinary and faecal nitrogen excretion, food intake and body weight of rats 72 and 78 
during 14 days of “N-free” diet. Average daily nitrogen intake 6*2 mg. (approx.). 



Kitrogen excretion of rats on “N-free*' diet; results of daily analyses of excreta. Body weight 
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successive periods of 4 and 3 days after the preliminary period had elapsed. The 
results are collected in Table I and, in 9 cases out of 12, show a significant 
lowering of the urinary nitrogen excretion during the second period. The results 
of two of these experiments, with rats 72 and 78, are illustrated graphically in 
Fig. 1. These two observations show great similarity in the amount and con- 
stancy of the daily food intake, in the rate of fall in urinary nitrogen and in 
body weight over the two periods investigated and in the constancy of the 
amount of the faecal nitrogen. 

In a further series of tests the daily collections of excreta were analysed 
separately over periods the duration of which was extended to 7 or 12 days. 
The results of five such observations on a nitrogen-free diet are given in Table TI. 
In these experiments the daily food intake was maintained fairly constant 
throughout the observations. It will be seen that the rapid fall in urinary 
nitrogen which took place during the first 2-3 days (corresponding to the pre- 
paratory period of the ordinary test) was aftewards checked ; the fall was then 
continued more slowly in 2 cases (rats 62 and 66), whilst a rough constancy was 
achieved in 3 cases (rats 64, 91 and 93). The daily variations were large, as was 
also found by Ashworth and Brody, and, in some cases, this probably masked 
the gradual fall in urinary nitrogen excretion usually shown in the longer experi- 
ments. On the whole the results of the experiments set out in Tables I and II 
support the view held by Ashworth and Brody [1933] and otlu'vs, that the 
excretion of endogenous nitrogen in the urine does tend to diminish with the 
length of time that the rat is fed on a diet devoid of nitrogen. They also show 
that the preliminary period of 2-3 days, which elapsed before the experiment 
proper was made, was long enough to include the initial rapid fall in nitrogen 
excretion. 

A further series of similar experiments was made with diets containing 
various percentages of protein, to determine whether a gradual decrease in 
urinary nitrogen excretion also occurred when protein was present in the diet. 
Table III shows the results of experiments with diets containing 5 and 7 % 

Table III. 

Average daily excretion of N of rats maintained on a protein- containing diet for 9-10 days, 
no analyses lieing made during first 2 days (usual preparatory period). 

Average daily N excretion (mg. N ) 


Days 3-6 Days 7-9 Days 7-10 

Protein in , ^ , ^ 


diet 

Rat 

Date 

Urine 

Faeces 

Urine 

Faeces 

Urine 

Faeces 

6 % heat ed 

r>8 

17. vii.,33 

123-8 

24-0 

— 

— 

99-4 

24-0 

caseiiiogen 

63 

12. vii. 33 

1130 

23- J 

99-7 

22-7 

— 

— 


66 

17. vii. 33 

121-5 

23-7 

— 

— 

102-6 

23-7 

7 heated 

58 

1. vii. .33 

105-6 

58-8 

102-4 

61-3 

— 



lactalbumin 

66 

1. vii. 3.3 

1020 

60-9 

84-3 

56-3 

— 



caseinogon and lactalbumin, respectively, which were continued for 7-8 days 
after the preliminary period. The excreta collected during the two divisions of 
the experimental period were analysed separately though this decrease was 
sometimes only small. In all cases there was a lowered excretion of urinary 
nitrogen during the second period, though the decrease was sometimes only 
small. A few experiments were performed with diets containing 3 and 10 % 
caseinogon, in which daily analyses of excreta were made for 4 days only, 
following the preliminary period of 2 days (see Table IV). They show that the 
2-day period was long enough to include the first rapid fall in urinary nitrogen, 
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Table IV. 


Daily excretion of nitrogen in urine of rats receiving diets containing 3 and 10 % caseinogen. 


Protein in 



Daily excretion of N in urine (mg.) 

dry diet 


Rat 

3rd day 


-A 

^ 

% 

Protein UBcd 

No. 

4th day 

5th day 

6th day 

3 

“Light white casein” 

77 

113*7 

109*3 

90*3 

91*5 

»» 

Heated caseinogen No. 2 

94 

07*0 

72*6 

78*4 

69*4 


Heated extracted caseinogen 

93 

100*3 

96*7 

89*9 

102*0 

»» 

»9 

91 

85*9 

96*2 

96*7 

86*7 

>> 

>> 

94 

85*7 

81*6 

77*4 

85*1 

10 

“ Light wliite casein ” 

74 

161*6 

139*5 

137*8 

158*6 

»» 

>♦ 

77 

149*9 

176*9 

158*0 

137*4 

»» 


78 

159*7 

173*7 

161*1 

150*7 

>> 

Heated caseinogen No. 2 

72 

178*0 

109*0 

215*8 

127*1 


but thereafter the daily fluctuations were rather great and the experiments 
w(jre of too short a duration to show whether the urinary nitrogen might not 
have continued to fall, if they had been continued longer. The results given in 
Table III with the 5 and 7 % protein diets do suggest, however, that with low 
jiroportions of protein in the diet there is a continued gradual drop in the 
urinary nitrogen cxcn^tiori, similar to that observed with a nitrogen-free diet. 
This may be clue to a lag in attaining equilibrium or to a diminution in the rate 
of nitrogenous metabolism induced by the experimental conditions. At any 
rate, since this drop occurs on both the nitrogen-free and low protein diets, it 
cannot greatly affect the calculation of the ‘‘biological value”. 

The estimated endogenous urinary nitrogen (as required for the calculation 
of biological value of proteins by the balance sheet method) must be regarded 
as a somewhat arbitrary quantity. It seems fair to conclude, however, that the 
data obtained from the analysis of the excreta collected during 4 days, after 
a preliminary period of 2-3 days, does give a fairly good estimate of the endo- 
genous urinary N output when a nitrogen-free diet is fed, and of the total 
urinary N output when a low protein diet is fed. 

Endogenous faecal excretion, lielation to food intake. 

In the observations set out in Tables I and II the relative constancy shown 
in the endogenous faecal N excretion during the experimental periods is in 
contrast to the gradual fall in that excreted in the urine. 

Mitchell [1924] found that for any given animal the amount of endogenous 
faecal nitrogen was proportional to the food intake. This relation did not appear 
to hold in the observations of Boas-Fixsen and Jackson [1932]. Schneider’s [1934] 
explanation of this discrepancy points to a difference in size of the animals em- 
ployed in the two investigations ; young growing rats were used by Mitchell and 
large adult rats by Boas-Fixsen and Jackson. Schneider considers that the faecal 
endogenous nitrogen consists of two parts, the first being relat(jd to the food 
intake and the nitrogen lost in the intestinal secretions concerned in the digestive 
processes, and the second related to the body weight, representing an expendi- 
ture connected with the general metabolism. In small rats the amount of the 
first would be much greater than that of the second and there would be an 
apparently simple relation between the food intake and faecal nitrogen of 
endogenous origin. 

The results of 78 experiments made recently with 21 rats of weights ranging 
from 250 to 500 g., fed on a “nitrogen-free ” diet, are plotted in Fig. 2, and show 
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only a rough relationship between food intake and faecal nitrogen. The line 
drawn through the points is in about the same relative position as that drawn 
by Schneider [1934, Fig. 1]. According to Schneider’s reasoning, the points 
corresponding to experiments made with lighter rats should show a grouping 



Fig. 2. Relation between faecal nitrogen and food intake of rats receiving a “N*free” diet. 
+ , rats weighing <350 g.; x, rats weighing 360-405 g.; •, rats weighing 405-450 g.; 
O , rats weighing > 450 g. 


below the line, while the results of those with heavier rats should tend to lie 
above it. Of 39 experiments with rats of body weight 250-405 g., 16 gave points 
above and 24 points below the line; of 39 experiments with rats of weights 
405-600 g., 22 gave points above and 17 points below the line. These differences, 
though pointing in the direction of Schneider’s reasoning, must be considered 
too small to be significant. It would seem that the differences in weight among 
our rats were not great enough to demonstrate any variations that might occur 
in the distribution of endogenous faecal excretion between the two constituents 
postulated by Schneider. When, however, the same results are plotted with the 
faecal nitrogen per g. food ingested against the food intake, as in Fig. 3, the 
shape of the curve closely resembles that given by Schneider [1934, Fig. 2], and 
suggests a rough general proportionality between faecal nitrogen and food intake 
even for rats of 250-500 g. weight, provided the food intake is greater than 
9-10 g, daily (approx. 100-120 Cal./kg. body weight). In our experiments, 
therefore, the direct proportion between food intake and faecal nitrogen is only 
very approximate (see Fig. 2). Seeing that in any case the amount of the faecal 
endogenous nitrogen has relatively little influence on the value of the expression 
used for calculating the biological value (see p. 1702), we have taken the mean 
value of the actual faecal nitrogen excret^ in all the nitrogen-free experim^ts 
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performed on any rat, as a reasonably good estimate of the endogenous faecal 
nitrogen for that rat, following the previous usage in this laboratory. 

Schneider [1934] considers that estimations of endogenous faecal nitrogen 
should be made with nitrogen-free diets containing the same amount of roughage 



Fig. 3. Relation between daily food intake and faecal nitrogen per g. dry food eaten for rats 

receiving a “N-free*’ diet. 

as the protein-containing diet under examination, since this secures more regular 
elimination of faeces and more comparable amounts of food to be digested. We 
have made a number of comparable observations with nitrogen-free diets and 
those containing caseinogen as protein, in which filter-paper was present in the 
proportion of 4 % of the food, but in these experiments the effect of the paper 
appeared to be unimportant. 

Urinary endogenous nitrogen in relation to food intake 
and body weight, 

Mitchell [1924] found the urinary endogenous nitrogen excreted by rats to\ 
be proportional to the body weight. In our experiments, we have found no 
greater constancy in the ratio per kg. body weight than in the value itself, 
which, for the adult male rats used, was usuaDy between 80 and 100 mg. per 
day. This constancy may be due to the fact that our rats were all large and adult 
and that the difference in body weight (260-500 g.) largely consisted in differ- 
ences in body fat. There was, however, a tendency for the urinary excretion to 
be high when the loss in body weight during an experiment was great, corre- 
sponding to a low intake of the “N-free” diet. When the results of 65 experi- 
ments on 21 rats are oon^dered together, the mean urinary nitrogen for the 
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20 experiments in which the daily intake of dry food was less than 10 g. 
(approximately 100-120 Cal./kg.), was found to be greater (average 96*5 mg. 
daily) than for the 45 experiments in which more than this amount was eaten 
(average 80*2 mg.). This difference, on analysis, was found to be statistically 
significant. If, however, the results of experiments in which less than 6 g. of 
the ‘‘N-free’’ diet were consumed daily are omitted, the difference of these 
averages was no longer found to be significant (average daily urinary excretion, 
89*5 mg. for intake of 6-10 g., and 80*2 mg. for intake of over 10 g.). In any 
case, the experiments in which less than 10 g. daily of dry food were oaten 
formed only a small proportion of the total number of ‘‘N-free'* experiments. 
It was thought wise, therefore, in our estimate of the endogenous nitrogen 
excretion for use in the calculation of the biological value of proteins (see the 
following paper), to exclude only the results of “N-free” experiments in which 
less than 6 g. dry food were eaten and the urinary N output was abnormally 
high. With this exception in our calculation of biological values, we have con- 
tinued to use, as estimate of the endogenous urinary nitrogen excretion, the 
average of all values obtained with the rat in question, during a 3-month 
period before, and a 3-month period after, the date of the experiment with 
the protein under investigation. 

The results and conclusions set forth in this paper are in accord with some published quite 
recently by Mason and Palmerl 19351in an investigation of the biological value of gelatin, caseinogen 
and zein. In special experiments niEtde to determine the length of time on a N-free diet required 
to bring the urinary nitrogen to the endogenous level, only a very slight decTease was found after 
the third day; a 3-day preparatory period was therefore adopted. The authors also found that 
a “fall in calorie intake somewhat below the theoretical requirejments during the ‘nitrogen -free’ 
feeding period was of no apparent significance” and that, with large adult male rats, loss of 
weight during a short experiment was without effect on the urinary nitrogen excretion. 


SUMMABY. 

1. Adult rats, when transferred from a high protein (18 %), to a ‘‘nitrogen- 
free”, diet and maintained thus for periods extending to 10-14 days showed 
a rapid fall in urinary nitrogen during the first 2-3 days, followed by a very 
gradual decrease subsequently. Similar changes in urinary nitrogen excretion 
were observed when the change was made from a high to a low protein diet. 

2. The faecal endogenous nitrogen excretion showed a greater degree of 
constancy in experiments of similar duration and the amount was roughly pro- 
portional to the food intake when this was equivalent to not less than 100-120 
Cal./kg. 

3. The “balance sheet” method, as used in this laboratory, in which the 
endogenous nitrogen output on a nitrogen-free diet and the nitrogen intake 
and total output on the protein-containing diet are estimated during a 4-day 
period following a preparatory 2-3 days on the diet in question, is considered 
to afford reasonably satisfactory estimates of these vahies for use in the calcu- 
lation of the biological value of the protein investigated. 

We desire to express our thanks to the Medical Research Council for a 
personal grant to one of us ( J. C. D. H.) and to Miss Phyllis Ponsford for assis- 
tance in some of the analytical work and calculations. We are also indebted to 
Mr Walter Acton of Messrs MaoKean, Paisley, for supplying us with a highly 
purified specimen of corn starch for incorporation in our “nitrogen-free” diets 
and low protein diets. 
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Mitchell [1924, 2J, using young growing rats as experimental animals, found 
that the biological value of proteins was lessened as the proportion of the protein 
in the diet was increased. He considered that this result might in part be due to 
the fact that proteins could be used more economically for maintenance than for 
growth. When supplied in the diet in a low proportion, almost all the protein 
would be used for maintenance, whilst, as the level was increased, an increasing 
proportion would be used for growth, Martin and Robison [1922], working on 
themselves, found that the value of wheat proteins for the maintenance of 
nitrogenous equilibrium remained steady when these were present in the diet at 
different levels; the values they obtained for milk proteins, on the other hand, 
were most irregular. Boas-Fixsen and Jackson [1932J, using adult male rats as 
experimental animals, found that the biological value of maize protein was 
increased when its level in the diet was lowered, but Boas-Fixsen [1930] found no 
progressive change in the nutritive value of a sample of dry-heated, purified 
caseinogen when the amount present in the diet was raised from 5 to 15 %, the 
values obtained being uniformly low. 

The experiments to be described were designed to find out whether the 
biological value of proteins for maintenance was increased at very low levels in 
the diet for all proteins, or whether this effect was peculiar to a few. Experiments 
were therefore planned using diets containing only a low proportion (3-4 %) of 
the proteins used by Boas-Fixsen and Jackson [1932], viz. wheat, white flour, 
wheat germ, maize endosperm, milk and lactalbumin, for comparison with the 
results of their previous experiments with diets containing 5-7 % of these 
proteins, A series of experiments was also performed with caseinogen in various 
forms, i.e. “light white’’ (commercial), heated, heated and purified, and roasted, 
to determine the effect of heat and purification on its biological value as well as 
that of variation in the proportion contained in the diet. The levels of the cas- 
einogen in these diets varied from 3 to 10 %. The effect of heat on lactalbumii 
was also investigated. 


Materials med. 


Experimental. 


The samples of whole wheat, white flour, wheat germ, maize endosperm and whole milk were 
the as those used in the previous investigation [Boas-Fixsen and Jackson, 1932 J. The various 
typeH of caseinogen used were the following: 

. j^y *** Light white casein*’ (B.D.H.), a commercial sodium oaseinogenate pr«])ared by Ham- 
matis^’B method. 
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used for vitamin work, if the kxjmperature at which it is heated does not exceed 
about 125°. It should be remembered, however, that the above results refer to 
maintenance tests on adult rats, whereas in vitamin work, young growing rats 
are usually employed. The usual proportion of caseinogen in these basal diets, 
on the other hand, is relatively very high (18-20 %). 

Table III. Effect of heat on the ^percentage digestibility of caseinogen 
(5 protein in the diets). 

Heated “ Roasted 


Hat No. 

Unhoated 

caseinogen 
(approx. 120^^ 

caseinogen 
(approx. 150^ 

caseinogen 

for 72 hrs.) 

for 66 hrs.) 

59 

— 

95 

— 

03 

— 

92 

— 

m 

— 

95 

— 

72 

90 

f 95 
tlOO 

— 

73 

— 

98 



74 

92 

— 

63 

77 

9(j 

97 

84 

78 

94 

— 

69 

79 


92 

76 

87 

92 

94 

— 

Averagt* 

9.3 

95 

73 


Table III shows the percentage digestibilities of the raw, ‘‘heated’' and 
“roasted” caseinogen, as calculated from the results of experiments with 5 % 
protein in the diet. They show that prolonged heating at^ about 120° did not 
affect the digestibility, but that stronger heating at approximately 150° reduced 
it from 93 to 73 %, 

(b) Lactalhumin, To investigate the effect of heat (112-125°) on the nutritive 
value of lactalbumin, diets containing 5 % lactalhumin and 7 % heated lact- 
albumin were used (see Table TV). The heating decreased tlie digestibility of the 
lactalbumin from 95 to 09 % (average values) . Hence the content in each of the 
two diets was equivalent to about 5 % digestible protein. The heating decreased 
the biological value by about one-fifth (B.V. = 00 for the unheated, and 56 for 
the heated, specimen). 

Table IV. Effect of heat on the biological valve and on the 
digestibility of lactalbumin (72 hours at approxUnately i2(?°). 


Biological value* tligestibility 



r ^ 

^ 

r 

A 

Heated 

Rat No. 

Unheated 

Heated 

Unhoated 

76 

64 

59 

98 

76 

76 

66 

62 

92 

67 

79 

72 

68 

96 

73 

87 

64 

47 

93 

61 

89 

64 

65 

94 

69 

MeanB 

66 

56 

95 

69 


* Both diets isontained 5 % digestible protein. 

Heating the lactalbumin appeared to cause some physical change, so that it 
could not be so well digested, whilst the biological value of the absorbed portion 
was also reduced, but to a less degree. It should, however, be noted that these 
experiments were concerned with the value of the lactalbumin for maintenance, 
and the effect of this degree of heating might have been much more serious on its 
value for supporting growth. 


109—2 
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The balance sheet method. 

The balance sheet method, by which the nutritive values of different proteins 
are compared in regard to their relative values for maintenance of nitrogenous 
equilibrium in the adult animal, has many drawbacks. The method is difficult 
and laborious in practice and the results are subject to a margin of error which is 
large even for biological experiments. Long experience and skill in management 
of the experimental animals are needed in order to achieve a series of comparative 
observations, possessing even the somewhat low degree of accuracy of the work 
reported in this paper and the preceding ones of this series. There is also a limit 
to the duration of the experiment, which militates against accuracy. This is 
specially true for the observations on ‘‘N-free” diet, made to determine the 
endogenous nitrogen expenditure, which form an essential part of the method. 
Even in the experiments in which protein is fed, the nitrogen balance should be 
negative and animals cannot be maintained in health for mort^ than short 
periods in negative nitrogen balance. It is also possible that a large nitrogen 
debt may affect the biological value of a protein for maintenance. 

Other methods of studying the value of proteins, in which the criteria adopted 
are the support of grqwth and development in young animals [Osborne et aL, 
1919] or the complete maintenance of the species including reproduction and 
lactation [Osborne et aL, 1919; McCollum et aL, 1921, 1, 2, 3] are simpler 
in conception and appear, at first sight, to yield more useful information. In 
practice, however, such experiments are often very difficult to carry out in such 
a way that the proteins compared are observed under truly comparable con- 
ditions. The appetite and preferences of the experimental animals often present 
serious complications under these more ‘‘natural ” conditions. For these reasons 
the results of the observations are often difficult of interpretation or of utilisation 
for conclusions having a quantitative value. 

Maintenance of body weight has been used by Osborne and Mendel [1918, 2] 
as a criterion of the value of different proteins fpr maintenance, apart from 
growth. Their experiments were made with rats of weight from 100 to 170 g., i.e. 
rats rather less than half grown, whose bodies would contain relatively little fat. 
If the method were applied to adult animals, variations in the fat content of the 
carcase might prove a serious complication in interpreting the results. 

It is not easy to appraise the relative merits of the different types of invc'stiga- 
tion. These are well discussed in Mitchell’s [1924, 3] admirable review, and, more 
recently, by Boas-Fixsen [1935]. Biological values of proteins for maintenance 
as opposed to growth and other functions, are, however, of interest since their 
relative values for different functions are probably different, depending on their 
make-up of amino-acids. In the experiments of Osborne and Mendel [1916, 1, 2] 
lactalbumin showed a degree of superiority over caseinogen and edestin for support- 
ing growth, which was much greater than the superiority for maintenance. This is 
doubtless to be explained by the large requirement for growth of lysine and the 
relatively small need of this amino-acid for maintenance. Conversely, the pro- 
teins of raw ox muscle were found by Morgan and Kem [1934] to be inferior to 
those of milk or cereals for maintenance, whilst superior for the support of growth. 

In the one instance in which both the “balance sheet” and the “growth” 
methods were used by the present group of workers to compare the same pro- 
teins, those of wheat and maize, and the more obvious errors of the second method 
were satisfactorily avoided, the results obtained were concordant, i.e. no signifi- 
cant difference was detected by either method in the values of the protdlhs from the 
two sources compared [Boas-Fixsen and Jackson, 1932; Bdas-Fixsen et aL, 1934]. 
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SUMMABY. 

1 . The biological value for the maintenance of nitrogenous equilibrium in the 
adult rat has been determined for proteins from the following sources, at levels in 
the diet vaiying from 3 to 10 %: whole wheat, white flour, wheat germ, maize 
endosperm, whole milk, lactalbumin, heated lactalbumin (at approximately 
120*^ for 72 hours), caseinogen, heated caseinogen (at 112-125® for 72 hours), 
heated caseinogen purified by reprecipitation and extraction with dilute alcohol. 

2. With the exception of whole milk proteins, the B.V. of which remained 
uniformly high at all levels, inereasing the proportion of protein in the diet from 
3 to 5, 7 or 10 %, lowered the biological value. 

3 . The biological value of caseinogen was not lowered significantly by heating 
the caseinogen at 112-126® for 72 hours or by further purification. Heating at 
about 150® for 66 hours did, however, decrease the biological value from 64 to 
44 (5 % protein in the diet), and also reduced the digestibility from 93 to 73 %. 

4. The biological value of lactalbumin was only slightly reduced by heating 
the lactalbumin at about 120® for 72 hours, but the digestibility was lowered 
from 95 to 69 %. 

Two of the authors (M. A. B.-F. and J. C. D. H.) wish to express thanks to 
the Medical Research Council for personal grants and one (J. C. D. H.) for a 
Studentship in Animal Health of the Ministry of Agriculture, held subsequently. 
Our thanks are also due to Miss Phyllis Ponsford for help in some of the analji^ical 
work and calculations. 
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Ruzicka et al. [1934] have prepared from epMihydrocholesterol, an oxyketone 
having the formula which in composition, melting point, optical 

acitivity and effect in stimulating comb-growth in {*apons appears to be identical 
with the (?rystalline hormoiu' isolated from human urine by Ruttuiandt and his 
co-workers [1932; 1934]. Butenandt [1934] found that one capon unit was 
(jontained in about 150-200y of his ])rcparation of androsterone, whilst Tschopp 
[Ruzicka et al., 1934, p. 1398; 1935, p. 211], using an assay technique similar 
to that used by Butenandt, found the same value for Ruzi(*ka’s androsterone. 
Tschopp [Ruzicka et al., 1934, p. 1401], using only a small number of castrated 
rats, has also found that the prostate, seminal vesicles and penis became enlarged 
after the injection of Ruzi(*ka’s androsterone. 

This paper contains the r(\sults of our assay of androsterone synthesised 
by Ruzicka using the method and definition of the rat unit clescrilx^d in a 
previous paper [Korenchevsky and Dennison, 1934, 2, p. 1498J. The ])reiiminary 
results with this material were published elsewhere [Korencluwsky, 1935]. 

In addition to th(» effects obtained on the secondary sexual organs, the 
changes in sora(' of the other organs investigated are also describi^d. 

Technique. 

The experiments W(Te ])erformed on 74 castrated rats belonging to 15 litters. 
The technique used was <h\scribed in detail in our previous papers [Kort^nchevsky 
et al., 1932 ; 1933 ; 1934]. Sinc(* rats are more liable to d(^velop pneumonia during 
the winter than during the summer months, for about 10 days before the experi- 
ments th(' dos(‘s of cod-liver oil and raw liv(T were greatly increased with the 
object of incn‘asing their resistance to infection. The effect on the deposition of 
fat was veu-y irregular, the amount of fat in different rats varying greatly. The 
results given by the calculation of the weight of the organs per unit of body 
w<nght were' therefore a little less regular than the actual weights. 

1*2 g. of androsterone were n^ceived from Prof. Ruzicka in throe batches, 
which wer(‘ carefully mixed and kept in a vacuum in the cold store. A weighed 
amount of androsterone was dissolved in alcohol and poured into warm olive 
oil. Traces of alcohol were then removed as completely as possible in vacuo at 
about 80-85'^. We stress this point of complete removal of alcohol, since any 
alcohol left in the oily solution may alter the absorption of androsterone from 
the oil and may thei’efore change the results of assay. 

The oily solution of androsterone was filled into ampoules and sterilised in 
the steamer for 30 minutes on 3 consecutive days. 0*2 ml. p(ir day of oily 
solution of different strengths was injected subcutaneously, 0*1 ml. being in- 
jected twice a day for 7 consecutive days and the rats killed on the 8th day. 

( 1720 ) 
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Doses of 67, 200, 450, 600, 900, 1350 and ISOOy per day were used. Since the 
effect produced by 67y was so small as to be within the physiological variations 
and only 2 rats wore injeetf^l with this dose, the effect of this dose is not 
included in the tables or curves. 

All the rats wcr(' castrafc^d before sexual matuiity and the (experiments 
started from 28 to 42 days after castration, the final age varying from 53 to 
66 days. One or two rats in each littx^r were used for the control group, the 
remaining litter-mates Vicing injected. The groups of injected litter-mates con- 
tained from 1 to 4 rats accjordiiig to the number (jf rats in the litter. 

In Tabk^ I are given th(' iiuinb(*r of rats in the littcT, the ago and the average 
final weights of the rats in each group in each litter. 

Table I. 

N umb('r of rats in eatli litter. Age and average final weights of rats in each group of each litter. 

No. of 
days 
after 

No. Age castra- Weights of rats (g.) 

of at tion , — ^ 


No. 

of 

ratH 

castra- 





Kals injected with (y) 



in 

tion 

tion 

( ont rol 















Idler 

litter 

(days) 

startod 

rats 

07 

200 

450 

000 

900 

1250 

1800 

1 

4 

22 

42 

195 

220 

192 

— 

192 

— 

— 

— 

2 

1 

22 

42 

207 


248 

— 

188 

- 

— 

— 


4 

21 

40 

209 

247 

244 


200 

— 

— 

— 

1 

4 

28 

28 

209 

— 

— 

207 

— 

228 

— 

— 

r> 

4 

28 

28 

220 

— 

— 


— 

221 


220 

♦> 

4 

21 

.20 

22.5 

_ 

- 

218 

— 

2.54 

— 

— 

7 

f) 

2(> 

20 

210 

- 

— 

179 

— 

— 


201 

8 

r> 

25 

20 

104 


— 

— 

— 

187 


199 

<) 

r» 

27 

22 

21,5 


— 

— 

— 


202 

... 

10 

f) 

28 

27 

221 

-- 

224 

222 


— 

- 

— 

11 

(i 

20 

27 

209 

— 

222 

— 

219 

- • 

. - 

— 

12 

7 

2.5 

27 

208 

— 

— 

207 

194 

207 

— 

— 

12 

7 

20 

27 

log 

— 

— 

— 

198 

190 

201 

— 

14 

T) 

20 

28 

211 

— 

— 

— 

— 

— 

232 

— 

15 

5 

21 

22 

177 



— 

— 

— 

— 

105 


Th^ ejfect on the prostate, the seminal resichs and the prostate and 
seminal vesicles weighed together. 

The results oV)taitu*d are summarised in Tables 11- VT and are n'presented 
graphi(‘ally by the curves in Figs, 1-4. The latter give the relation betvv(^en the 
dose of androsterone and tiu* perci^ntage increase' obtained in the weight of the 
organ. 

Sinc(' the seminal vesicles weigh only one-fifth or less of the weight of the 
prostat(' and since tln^ percentage increase in weight under the infiuenee of 
different doses of androsterone (Table VI) is roughly parallel with that of th(‘ 
jirostate, the curves representing the chang(‘S in the w('ight of th(' prostate 
alone and of the prostate with seminal vesicles were very similar (Figs. 1-4). 
For economy of space we do not give the curves for the seminal vesicles since 
these' data are unsuitable for th(' purpose of assay. The changes obtained in the 
Weights of the seminal vesicles (see average figures, Talde VI), besides Vicing 
more irregular, do not represent such a simple proportional relationship to the 
dos(' as those of the prostate and of the prostate weighed with the seminal 
vesicles. 



Table II. InflupMce on proskite. 

The actual average weights of the prostate of rats in each group of each litter 
and the i)erceiitage increase after the injection of androsterone. 


Rats injected with (y) 


No. of 

Control 

r 


/v_ 



^ 

litter 

rats 

200 

450 

600 

900 

1350 

1800 




Weights (mg.). 




1 

51 

(i8 

— 

118 

— 


— 

2 

62 

80 

— 

130 

— 

■— 

— 

3 

52 

78 

— 

105 

— 

— 

— 

4 

53 


131 

— 

180 

— 

— 

5 

50 

— 

— 

— 

190 

— 

194 

6 

58 



101) 



164 

— 

— 

7 

59 



110 




— 

207 

8 

52 






152 

— 

172 

9 

52 


— 


— 

161 

— 

10 

59 

92 

131 



-- 

— 

11 

58 

80 

— 

147 

— 

-- 

— 

12 

52 

— 

Ill 

156 

170 

— 

— 

13 

4(J 

— 

— 

lOI 

188 

197 

— 

14 

54 

— 

— 

— 

— 

213 

— 

15 

51 

— 

— 

— 

— 



m 

Average 

54 

81 

118 

126 

m 

“"l90 

189 


Percentage increase' in each individual group. 


1 

— 

33 

— 

131 

— 

— 

— 

2 

— 

54 


150 



— 

3 

— 

50 

_ 

102 



— 

4 

— 

— 

147 

— 

239 



5 

— 

— 


— 

239 

__ 

246 

6 


— 

83 

— 

189 


_ 

7 


— 

86 

— 

— 

— 

251 

8 

— 

— 

— 

— 

192 


231 

9 

— 

— 

— 

— 


210 

— 

10 

— 

56 

122 

— 

— 


— 

11 

— 

48 

— 

150 


— 


12 

— 


113 

200 

227 



13 

— 


— 

120 

308 

328 

— 

14 

— 

. 

— 

— 


294 

— 

15 

— 

— 



— 

— 

255 

Average 

— 

48 

no 

142 

"232 

277 

24t) 



Fig. 1. Relation between dose of androsterone and percentage increase in actual weight of 
prostate. 

Fig. 2. Relation between dose of androsterone and percentage increase in weight of prostate 
calculated per unit of body weight. 



Table III. Infivmce on prostate. 

The average weights of the prostate calculated per 200 g. of body weight in each group 
of each Utter and the percentage increase after the injec tion of androsterone. 


Rats injected with {y) 


No. of 

Control 

f 



— ^ 


X 

litter 

rats 

2(K) 

450 

000 

900 

1350 

1800 




Wcdghtfl (mg.). 




1 

62 

70 


123 

— 

— 


2 

.50 

05 

— 

140 

— 

— 

— 

3 

.50 

04 


105 

— 

— 

— 

4 

51 

— 

127 

— 

159 

_ 

— 

5 

49 

— 

— 

— 

104 

— 

171 

() 

62 


97 

— 

129 

— 

— 

7 

50 


124 

— 

__ 

— 

213 

8 

iV^ 

— 

— 

— 

103 

— 

173 

9 

48 

— 

— 

— 

_ 

102 

~ 

10 

51 

82 

120 

— 

— 

__ 


11 

50 

78 

— 

13<) 

— 



12 

51 


108 

101 

104 


... 

13 

50 

— 

— 

102 

198 

190 

— 

14 

50 



— 

— 

185 

— 

15 

58 




— 

— 

219 

Averaffc 

.53 

72 

115 

128 

10.3 

ISl 

194 



Percentage 

incrc'ase in each individual group. 



1 



3.5 

... 

130 


— 

__ 

o 



30 

— 

180 

— 

— 

— 

ii 

— 

28 

— 

no 

— 


— 

4 

_ 



149 


212 

— 

— 

5 







235 

— 

249 

i) 




87 

_ 

148 

— 

— 

7 




121 

— 

... 

__ 

280 

8 




_ 

— 

159 


175 

9 




— 

— 


238 

— 

10 



01 

1.35 


— 

— 

— 

11 



39 

__ 

14.3 

— 

— 

— 

12 





112 

210 

221 

— 

— 

1.3 


— . 



82 

254 

250 

— 

14 









_ 

270 


1.5 

— 

- 


- 

— 

_ - 

278 

Average 


311 ~~ 

121 

145 

20.5 

2.53 

241) 



Fig. 3. Relation between dose of androsterone and percentage increase in actual weight of 
prostate with seminal vesicles. 

Fig. 4. Relation between dose of androsterone and percentage increase in weight of prostate 
with seminal vesicles calculated per unit of body weight. 
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Table IV. Influence on prostate with seminal vesicles. 

The actual average weight of the Heminal vesicles with prostates of rats in each group 
in each litter and the percentage increase after the injection of androsterone. 


Hats injected with (y) 


No. of 
litter 

Control 

rata 

L>00 

4.60 

000 

900 

1360 

181K) 

1 

02 

83 

Weights (mg.). 

— 143 




2 

06 

97 

— 

174 

— 

— 

— 

3 

58 

88 

— 

128 

— 

— 

— 

4 

07 

— 

168 

— 

211 

— 

— 

5 

69 

— 


— 

221 

— 

233 

() 

69 

— 

135 

— 

204 

-- 

— 

7 

70 

— 

135 

— 


- 

203 

8 

r>4 

— 

— 

— 

181 


215 

9 

07 

- 

— 



202 


10 

72 

110 

1,6.6 


— 

— 

— 

1! 

68 

98 


171 

— 

— 

— 

12 

63 

— 

132 

181 

201 

— 

— 

13 

r>r> 

— 

— 

125 

210 

228 

— 

14 

63 

— 

— 

— 

— 

262 

— 

If) 

01 

— 

— 

— 

-- 

— 

217 

Average 

66 " 

96 

~143 

1.64 

200 

224 

232 

1 


Percentage 

34 

increa«e in each individual group. 
— 131 — 



o 

— 

49 

— 

162 

— 

— 

— 

3 


.62 


121 

— 

— 

— 

4 

— 

— 

136 

— 

215 

— 


5 

— 


— 

— 

220 

— 

238 

<> 



90 

— 

190 

— 

— 

7 

— 

— 

93 

— 

— 

— 

27r> 

8 

— 



— 


183 

— 

23(i 

9 

— 

— 



— 

201 

— 

10 

, — 

.73 

115 

— 

— 

— 

— 

11 

— 

44 


1.61 

— 


— 

12 

— 

— 

109 

187 

219 

— 

— 

13 

— 

— 

— 

127 

292 

315 

- 

14 

— 


— 

— 

— 

300 

— 

1.5 

— 

- 

— 

- 



2.66 

Average 

- 

40 

no' 

146 

22] 

272 

” 262 


From the comparison of Fig. 1 with Fig. 2 and of Fig. 3 with Fig. 4 it is 
clear that the changes calculated from the actual weights of thc^ organs and 
fi*om those per 200 g. of body weight ar(‘ similar. 

We also found this to be so in our previous investigation on the effect of a 
te^sticular hormone* preparation extracted from human urine fKorenchevsky 
et ah, 1932; 1933, 1, 2]. However, from the comparison of the data given in 
the papers just eiivxl with those* in Tabh*s TV and V it follows that the variation 
in the percHuitage increase obtained in different litters with the same dos(^ was 
less with uriiit'. pn^parations than that observed in the present experiments with 
androsterone. 

In spite of this difference between the individual litters, in botli cases (with 
testicular hormones extracted from human urine and with androsterone) the 
relation between the dose and the average percentage increase in the weight of 
the prostate or prostate with seminal vesicles appeared to be directly propor- 
tional, within a certain range of the doses. In the case of androsterone this part 
of the curve lies between the doses 200 and 900y and can for practical purposes 
be represented by a straight line (the (iontinuous line in Figs. 1-4). When the 
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Table V. Influence on prostate with seminal vesicles. 

The average weights of the prostate with seminal vesicles calculated per 200 g. of body weight 
and the ixjrccntage increase after the injection of androstcrone. 


Ko. of 

Control 



Rats injected with (y) 



litter 

rats 

200 

450 

600 

9(X) 

1350 

1800 




\\'eights (mg.). 




1 

64 

86 

_ 

149 







2 

63 

78 


176 








56 

72 


128 






4 

64 

— 

153 

— 

187 





5 

60 

- „ 

— 

— 

191 

— 

206 

(> 

61 

— 

124 

— 

161 





7 

66 

— 

152 

— 





271 

8 

78 

— 

— 

— 

194 

— 

217 

9 

62 

— 

— 

— 



202 



10 

62 

98 

142 









11 

66 

89 

— 

159 







12 

61 

— 

129 

187 

194 



— 

13 

67 


— 

126 

227 

227 

— 

14 

59 

— 

— 

- 

_ 

218 


15 

6<» 

~ ___ 




_ 

263 

Average 

(i4 

85 “ 

UO 

154 

192 

*216 

239 



lVrcentag(' 

intrease in each individual group. 



1 


34 


133 

— 



— 

2 

— 

24 


179 

— 


— 

3 

. — 

29 

_ 

129 



— 



4 

— 

— 

139 

— 

192 

— 


5 

— 


— 

— 

218 

— 

243 

(> 

— 

— 

103 

— 

164 

— 

- 

7 

— 

— 

130 

— 

— 

— 

311 

H 

— 


— 

— 

149 

— 

178 

9 


— 


— 

— 

226 

— 

10 

— 

58 

129 

— 

— 

— 

— 

11 

— 

35 

— 

141 

— 

— 

— 

12 

— 


Ill 

207 

218 

— 

. — 

13 

— 

— 

— 

88 

239 

239 

— 

14 

— 

— 

— 

— 

— 

269 

— 

15 



— 





281 

Average 

— 

36 

122 

li’o 

197 ^ 

245 

253 


whole range of the doses of androsterone used was included in the curve, a cubic 
curve was found to lit the results most closely (dotted lines in Figs. 1-4). As 
can be seen from the curves, there is little difference Ix^tween the cubic curve 
and a straight line with doses of 2(K)-900y. 

The next doses used (1350 and IHOOy) lie on a flatten(*d portion of the curve. 
As we used fewer litters for this part of the curve (as not being suitable for 
assay), too muc4i reliability must not be attached to tht^ slight dip in the cuid 
of the curve, which is shown by the highest dose used (1800y). 


The relation between the rat unit and androsterone activity. 

The data referring to the average activity of androsterone and the rat unit 
are summarised in Table VIl. Tn column I is given the amount of the dose in- 
jected in y. In column II is given the average percentage increase in weight of 
the organs per lOOy for doses from 200 to 900y. The values for the prostate are 
very close to those for the prostate with seminal vesicles, both the actual figures 
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Table VI. Effect of androsteronc on seminal vesicles, 
penis and preputial glands. 


Average 

percentage 

increase 




Average percentage increase 

in weight of 

jper lOOy 




organs of rats injected with (y) 


for doses 



^ 


— 

\ 


^ 

from 200 

(Organs 

Weights 

200 

450 

000 

900 

1350 

1800 

to900y 

Seminal 

(Actual 

38 

112 

168 

177 

236 

274 

23*0 

vesicles 

(Per unit of body weight 

28 

132 

109 

157 

215 

287 

22-6 


(Actual 

28 

48 

71 

89 

no 

93 

11*0 

Irenis 

(Per unit of body weight 

18 

50 

72 

76 

104 

93 

10-3 

Preputial 

(Actual 

58 

77 

119 

132 

136 

164 

18*0 

glands 

(Per unit of body weight 

45 

105 

120 

116 

119 

160 

18*0 


Table VI I . Rekition between the average activity of androsteronc 




and the rat unit. 
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11 JIl 

IV 

V 

VI 




Percentage increase 




Average 

in w'l’ 

ight 




}H<rcentage 

j- 

( 




Dose 

increase per 

Expected 




actually 

lOOy for No. of y 

assuming 


No. of rat 


injected 

doses from |>er rat 

values in 

Aeiuallv' 

units 

Organs 

in y 

200to9(K)y unit 

column 1 1 

obtained 

injected 



Actual weights. 




Prostate 

2(»0 

24*7 162 

49 

48 

1*2 


450 


111 

110 

2*8 


600 


148 

142 

3-7 


900 


222 

232 

5-6 


1350 


333 

277 

8-3 


1800 


445 

237 

IM 


Weights per unit of body weight. 




200 

23-7 169 

47 

39 

1*2 


450 


107 

121 

2-7 


600 


142 

145 

3-6 


900 


213 

205 

5-3 


1350 


320 

253 

8-0 


1800 


427 

246 

10*7 



Actual weights. 




Prostatt* wdth 

200 

24-3 165 

49 

46 

1*2 

seminal vesicles 

460 


109 

no 

2*7 


600 


146 

145 

3*6 


900 


219 

221 

5*5 


1350 


328 

272 

8*2 


1800 


437 

252 

10-9 


Weights per unit of body weight. 




200 

23*3 172 

47 

36 

1*2 


450 


105 

122 

2*6 


600 


140 

146 

3*5 


900 


210 

197 

5*2 


1350 


315 

245 

7*9 


1800 


419 

253 

10*5 


(24*7 and 24*3 % respectively) and those calculated per unit of body weight 
(23*7 and 23*3 % respectively). There is also little difference between the per- 
centage increase calculated from the actual figures and from the figures per unit 
of body weight in the case of these two organs, e,g, IGOy gave 24*7 % increase 
in the actual weight of the prostate and 23*7 % increase when calculated per 
200 g. of body weight. From Table VI it can be seen that the respective data 



ASSAY OF ANDROSTERONE 1727 

(last column) for the seminal vesicles were 23*0 and 22*6 %, i.e. results very 
close to those for the prostate. 

The values of column Til are obtained from those of column II and our 
definition of one rat unit of testicular hormone [Korenchevsky and Dennison, 
1934, 2, p. 1498] as that amount which produces 40 % increase in the weight 
of the prostate alone (for ‘'comb growth” activity) or in the weight of the 
prostate with seminal vesicles (for “whole male sexual” activity). Again, as 
in column II, the values in column III are very close, one rat unit of “comb 
growth” activity being contained in 162-1 69y and of “whole male sexual” 
activ^ity in 165“172y. 

in the preliminary communication [Korenchevsky, 1935] an approximate 
t'stimation was based on experiments with only a fc^w rats and these values were 
given as 175 and 179y, which are very close to thos(^ now given, being obtained 
from a sufficiently large number of rats to yield reliable figures. 

In columns IV and V of Table VII percentage increases actually obtained 
live compared with those which would be theoretically expected assuming the 
avt‘rage value given in column 11 and a direct proportional relationship between 
tht‘ dose and percentage increase. This comparison shows that the figures 
iK'tually obtain(»(l were very close to these theoretical figures for doses 200-9(X)y 
and that tlu' divergtmce increases considerably with liigher doses. 

tVlumn yi giv(*s the amount of androsterone injected as expressed in rat 
units and shows that the dir<‘ct proportional relationship between the dose and 
the effect existed, approximately, from 1 to 6 rat units and that a definite 
flattening of the curve was observed when 8 or more rat units were injected. 

A statiMfical mferpretation of the results obtained in the assay. 

With the kind permission of Dr E. S. Pearson we include his opinion as 
expH'Ssed in the following quotation from his letter. 

“Tj(d us denote bv the percM'ntage increase in an organ obtained on apply- 
ing Dr Korenchevsky’s procedure to a litter of rats, one group of the litter 
bdng treat(*d as a control and the remainder injected with a dose of xy. For 
example, from Table II it is seen that for litter No. 8, 2/= 192 %, for r = 900y. 
Then the four diagrams show as black spots the average vaiu(‘s of y x)lotted 
against x. Ckibic curves, constrained to jmss through the origin, have been fitted 
to these averages, using the method of least squares and giving all averages 
equal weight. These curves are useful for graduation purposes, but no great stress 
should b(^ laid on their precise form, particularly in the region of large doses. 

For the range of doses 200-900y, it is clear that a good approximation to 
the assay curve will be obtained by a straight line. The slopes of these liTu\s and 
their probable errors have been calculated as follows. An examination of 
Dr Korenchevsky’s results shows that, whilst the variation in y from litter to 
litter increased stfsadily with x, the variation in the ratio 

y 7o increase in organ x 1 OOU _ 

~ ^ sa V , 

x dose 

remains approximately constant. A useful measure of the reliability of an assay 
appears, therefore, to be the j^robable error of z^. 

^ In making these calculations it has been tacitly assumed that all the experimental results 
might be regarded as of equal value, irrespective of the number of rats in the litter. From the 
statistical point of view this is not completely satisfactory, but if further assays arc mode with 
at least 2 control rats and 2 dosed rats per litter, the probable error to be expected will be less 
than that allowed for in the following discussion. 
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The following Table VIII shows : 

('oliimn 1. Organ and basis of calculation. 

Column 2. Average value of z for the 22 groups inject(»d (doses 200, 450, 
000 and 900y only being considered). This represents in the range 200-900y, 
th(‘ avei’age percentage increase' in organ per l(K)0y of the drug, and determines 
tlu' slope of the straight lines shown in the diagrams. 

Column 3. Probable error of Dr Korenchevsky’s averagt^s given in column 2. 
These probable errors are lj\/22 times those given in column 4 (tlui figure being 
raised to tht' next highest integer when a decimal plac't^ cxjcurs). 

(Jolumn 4. Probable error of a value of z determined from a single litter. 
Column 5. Probable error of z determined from the aveiage of 3 litters. 
These figures are l/\/^ times those given in column 4. 

Table V^lll. Statistical summary of results of experiments 
(E. 8. Pearson). 


il) 

(2) 


(*1) 

(0) 




Probable error of z if 




deferinined 


Averages 

Probable error 

A 



f 

Fi'om three 


(22 groups 

of average 

F rom a single 

Organ and ])asis of calculation 

of rats) 

(22 groups) 

littc'r 

litters 

, (Actual weight 

l*ro«Ut,- j jK., .!.(«) K.’' 

245 

J H(3%)* 

+34(14 %)♦ 

d20 (8%)’ 

233 

-i 10 (4 %) 

±43(10%) 

±25 (11 %) 

(j 1 ' 1 f Actual weight 

Scnnual vo«u-leH ^ ^^^200^. 

230 

223 

i (0 %) 

1 lo (7 %) 

+57 (25 
±00 (31 ‘\>) 

+33 (15 %) 
±40 (18%) 

Prostate' and ( Actual weight 

241 

i 0(3%) 

J 24 (JO %) 

±14 (0%) 

seminal vesicles ( per 2(K) g. 

228 

+ 0 (4 ^^o) 

J 38 (17 2o) 

t.22(l0%) 


* 1'Ijc tigui'cs in brackets are the values of the probable errors expresscid aw a. percentage of 
the average of column (2). 


The figures givc'ti in brackets in columns (3), (4) and (5) an* the values of 
th(‘ probable errors expressed as a percentagi* of the average figui t* givtm in 
column (2), e,g. row 1, column 4 gives 34 (14 *)()), since 34 is 14 of 245. 

Th(^ results shown in the tablt* suggest that in the present c ase* somewhat 
more* ndiabk' assays can be made using the actual weights of organs rather than 
by adjusting th(*s(* to body weight. They also show that the seminal vesicles 
alone give more variable results than thos<* for the prostate. 

Should an (experimenter in further work wish to judge whether the differc'nce 
between his assay and Dr Korenchevsky’s is significant, this may be done as 
follows: suppose after treating 4 litters with a dose of androsteronc*, (iontaining, 
he belie v(*s, a; = fi()0y, he finds an average increase in prostab*. (based on actual 

weights) of y=126 %; this corresponds to a value of = = on the 

assumption that his technique is as reliable as Dr Korenchevsky’s, the probable 

‘14 

error of this based on 4 litters will be 17 (using the appropriate probable 

error from row 1, column 4 of the table). Thus he must compare 210+17 with 
Dr Korenchevsky’s 245 + 8, Tht* difference is 35 and its probable error 

V'(T7)"*T(8)i*=19, 

that is to say, the differen(*e is barely twice the probable error and cannot be 
regarded as significant.” 
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The effect of androsterone on the. weight of the penis and preputial glands, 

Th(‘ average data for these glands are summarised in Table VI. They show 
an increase in the efff^et on the glands with an increase in the dose, the effect, 
howevtn', being much less n^gular than in th(‘ case of the prostate. The flattening 
of the curve was also noticeable with higher doH(»s. 

If we assume the values given in column 3, Table' VTT of 165)/ (actual figures) 
and 172y (per unit of body weight) for one rat unit of “whole male sexual” 
activity, the increase in the weight of the penis p(‘r rat unit of androsterone will 
!>(' 1H*2 anrl 17*17 % respectively. A comparison of tliesc' figures obtained by 
androsterone injections with those pn'viously obtained by injections of testi- 
cular hormone preparations extracttnl from human urine [Koronchevsky et al.^ 
1932, pp. 2100-2 101], shows a very close similarity in the results which in these 
earlier ex}K‘rim(mts were IS % (actual figun*s) and 15 % (per unit of body 
w('ight) increase in the w(*ight of the penis ])t*r rat unit. The response of the 
pri'putial glands to the injections is greater than that of the penis (Table VI), 
100)/ producing an increase of about 18 % or 30 % per rat unit. 

Effect on the other organs investigated , 

In addition to the c'tfect on the sexual orgar\s an investigation was mad(' of 
tlu* c hangCtt in weight of the thymus, adrenals, thyroid and intra-abdominal fat. 

The only changes observed wc'n* a de(*rease in most cases in the weight of 
the thymus and the adrenal glands of 10-30 both in actual figures and those 
p('r unit of body W(‘ight. 

Discussion. 

A saturated solution of androsterone in olive oil contains about I % of 
a.ndrosteroiK' when, as far as possible, all traces of alcohol, the intermediate 
solvent, are removed from the oil in vacuo; i.e. androsttTone is not very soluble 
in oil. The results of our assay, therefore, apply only to the oily solution of the 
hormone fret* from alcohol, since it is probable that the use of other solvents or 
th(' non-removal of all or j)art- of the intermediate solvent would result in a 
diftert*nt rate or degree of absorption of the hormone from the subcutaneous 
tissut*, giving an apparently difhuent activity for the preparation. We injected 
all doses as the same quantity (0*2 ml. per day) t>f solutions of different con- 
centrations. It is possible that different results would be obtained by using 
varying quantities of a solution of one c'oncentration only. These points ar(' a 
matter for further investigation. 

B\’ our method, the part of the curve corresponding to doses of 200-900)/ 
was found to be suitable for the assay of the ‘ (^omb growth” activity and the 
“whole male sexual” activity of androsterone (“assayable part- of curve”). As 
w(' had found in our previous experiments with tht^ testicular hormone prepara- 
tions extracted from human urine, the rat units of tlu\so two forms of activity 
proved to be nearly identical, owing to the fact that both these hormones had 
about the same quantitative effect on the prostate alone as they had on tlu* 
seminal vesicles alone. 

In addition to this similarity it was found that on the average the effects 
on the penis of the natural preparations used and of the artificial hormone were 
also nearly the same. 

The direct proportional relationship between the dose and the effect, within 
certain limits of the dose, and the approximate equality of the rat and caxion units 
were also points of similarity between the natural and artificial preparations. 

One difference must be considered here, the flattening of the curve with the 
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higher doses of androsterone, which we were unable to obtain with 8 o.u. of 
the ‘'natural'’ hormone preparation. This is perhaps related to different rates 
of absorption from nearly saturated solutions. Our present results, however, 
cannot be compared with any of the “natural” preparations we received from 
various firms, since : 

(1) intermediate solvents may not have been completely removed; 

(2) the preparations may have contained other testicular hormones capable 
of increasing the effect of androsterone. 

We have suggested several times in our previous papers that there is probably 
more than one testicular hormone present in the organism. 

As an inte/mational unit of androsterone in pure oily solution that dose is 
preferable which will give the smallest definite physiological effect. We have 
found for the prostate and prostate with seminal vesicles this dose to bo that 
which produces 40 % increase in the weight, actual or per unit of body weight. 
Therefore, from our results, taking into account that the probable error of our 
present results does not seem to be more than ±5 %, 170y of androsterone 
might be suggested as one rat unit, or alternatively, since one capon unit has 
been found to vary from 150 to 200y of androsteroms either of these round 
figures might be more suitable, being applicable to both methods. In our previous 
papers we suggested that the assay should be made with at least 3 litters, pro- 
vided that tliere are at least 2 rats in each group. The present experiments show 
(Table VJll, column 5), that with 3 litters the probable error would be less than 
±12 %, which for practical purpose's, is quite satisfactory. 

Up to the present, we have published ail our results expressed both as actual 
weights and the weights jx'!’ unit of body weight, since they serve as a check, 
the one to the other and there are arguments for and against both methods of 
calculation. We ourselves feel confident in the reliability of the results only 
when the general averages expressed as percentage changes by the two methods 
are as close as they are for instance in the present or our previous papers. 

Dr Pearson finds that the actual results are less variable than those calcu- 
lated per unit of body weight. That this could be so, can best be explained by 
the following example of groups 1 (litter-mates of similar weight) and II (litter- 
mates of dissimilar weight) (see Table below) taken from the present experiments 
of the assay of androsterone. 



No. of 


Weight fat (g.) 

Weight of prostate (lug), 

No. of 

littor- 

Body 



^ 

f 


group 

mate 

weight 

actual 

per 200 g. 

actual 

per 200 g. 

J 

fl 

237 

6-(> 

50 

211 

178 

12 

215 

6*8 

0-3 

176 

104 

11 


232 

9*7 

8*4 

195 

168 

1 * 

170 

30 

3-5 

219 

258 


If the deposition of fat in the rats does not differ greatly, the two values, 
actual and per 200 g. of body weight, are very close and the weights of the 
st^xual organs seem to be approximately proportional to the body weight 
(see group I). If the deposition of fat in the rats is very different, so that the 
weight of the rat is considerably influenced by it, the weights of the sexual 
organs may be close in actual figures and become, it seems fallaciously, very 
different per unit of body weight (see group II). Probably physiological varia- 
tions in the size of the rats are of different origin from those produced by 
pathological factors, which factors however are often not dett'.ctable at autopsy. 
Consequently th(^ exclusion of a suspicious (because irregular) rat from the 
results is not juBtifi<»d. 
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Sfmmarv. 

1 . Pure crystalJine testieiilar hormone, prepared by Ruzicka, was dissolved 
in olive oil and assayed by the author's method on 74 castrated male rats. 

2. A relation was found to exist between the dose and the effe(!t of andro- 
sterone on the secondary scixual organs, this relation being investigated statis- 
tically and represented graphically in the case of the inostati^ and the prostate 
with seminal vesicles. 

3. The “assayabhi” j)art of the curve for these organs for the purposes of 
assay may be n^presented b(*tween the doses 200 and OOOy (‘‘assayable” doses) 
by a straight line. 

4. One rat unit of both “comb growth" activity and ‘‘whole male sexual" 
activity was found on the average to be contained in approximately 170y, 
which is also approximately the same* amount as that found by other workers 
for the capon unit. 

5. This figure, or the round number 150 or 200y, is suggested as one inter- 
national unit of androsterone, being suitabh^ both for the assay by the capon 
method and by our rat method. 

fj. Tlie ])r(jbabl(‘ error of our value of the rat unit of androsterone is less 
than ±5 %, if all 11 littcTs injected with assayablc doses are taken into con- 
sid<‘ration. 

7. Th(‘ points of similarity and dissimilarity between androsterone* and the 
piiritied j)r(‘parations of the hormone extracted from human urine have*. be(*n 
discuss('d. 

K. In making an assay, the results obtained from the actual WHughts should 
be ch(*(k(*d by those calculated per unit of body weight and the two results 
should be in close agreement, when expressed as th(* percentage ekanges in the 
w^(‘ig)its of th(* organs. 

(Grants from the Medical Research (Council and from the Lister Institute 
have enablc<l us to carry out this work and to them our thanks are due. We 
are mucdi indt*bted to Dr E. S. Pearson and to the D(‘xmrtment of Applied 
Statistics of Univt*rsity College for so kindly heljung us in the statistical inter- 
f>retation of the results obtaimnl. 
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CCVI. THE IDENTITY OF XANTHINE OXIDASE 
AND THE SCHARDINGER ENZYME. 

By VERNON HOLLIS BOOTH. 

From the Biochvmiml Laboratory, Cambridge, 

{Received May 30th, 1035.) 

The origin of the problem. 

ScHARDiNOEK [1902] observed that luothylene blue was reduoi'd by formaldehyde 
in the presenec^ of fresh milk. The enzyme eom^erned iu the oxidation of this 
and otlHT aldeliydes l)eeame known as “ Schar(lin<^er’s enzyme”. 

Hopkins |1921] found that certain extraids of y(‘ast and of animal tissues 
also reduced methyl(‘ne blue when added to milk. Morgan et al. 1 1922] identifi(‘d 
the reducing substance as hypoxanthine and showed that its oxidation was 
(effected by a system similar to that present- in tissiuvs. Thest* authors first 
{‘stabiisht^l that “xanthine oxidase” had many ])ro])( ituLs in common with the 
Seharding(T (uizyme. Th(\y found that tissues which wen^ ea])able of oxidising 
purin(‘s would in all eases also oxidise aldehyde*. This striking i)arall(‘l occurrence 
of xanthine* oxidase and the* Scharding(*r enzyme in milk and iu tissu(*s raised 
the question of their id(*ntity. These authors conclud(*d that id(*ntity was im- 
probable, because (u) tlu* extreme sp(*(‘ifieity of enzymes towards their substrates 
argues in general against one and the same enzyme a(‘tivating substances so 
dilh*rent as ])urines and aldehydes; (b) tin* optimum com^entration of purine w’as 
only one-hundredth of the optimum eoneentration of ald(‘hyde; (r) tlie relative 
activities of the two enzymes vari(*d from one sam])le of milk to anolluT. 

Dixon and lliurlow made a preparation of xanthine* oxidase from milk 
[1924, 1] and studied the dynamics of tlu^ enzyme system |1924, 2J. They 
dis(*uss(*(l the following evidence for and against its identity with tlie Schardinger 
enzyme, {a} Uric acid inhibits both enzymes to a mark(*d ext(*nt. The inhibition 
of an ald(*hyde oxidase by a purine speaks for idemtity. {b) Tlu* slight inhibition 
by fluoridt^ and cyanid(* is identical for each enzyme, (c) Tlu* enzymes cannot lx* 
s(‘parated: whenevtT one is precipitated, adsorbed, extra(;ted or destroyed so 
also is the other, (d) The ^^jj-activity curves with purin(‘H and with aldehyde 
each show a sharp break at /qj 9 which in all cases is due to destruction of enzyme, 
(r) There is a striking j)arallelism between the activities of the two enzymes 
in a large number of defatted j)reparations. The variations in redative activities 
observe*d b}^ Morgan et al. w'(*r(^ never great and could be explained by variations 
in the fat cont(uit of difl'erent vsamples of milk. (Dixon and Thurlow observed 
that fat accelerated tin* oxidation of hypoxanthine but not of aldehyde.) (/) The 
disparity in optimum (^one-entrations of the two classes of substrate cannot bo 
used as an argument against identity since several cases are known of one 
enzyme atdivating two substraU^s at very ditforent optimum concentrations. 
These authors concluded that the balance of evidence was in favour of identity 
though it was not suffickmt to justify a positive statement to that effect. 

Morgan [1926] studied the distribution of xanthine oxidase in tissues from 
many animal species. Wherever xanthine oxidase was found it was invariably 
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accompanied by the Schardinger enzyme^ and this concomitance was offered as 
evidence for identity. 

Sbarsky and Michlin [1926J made a purified ])reparation of the Schardinger 
enzyme and found that it also had xanthines oxidase activity. 

More recently Wieland and co-workers have claimed to have demonstrated 
th(‘ non-identity of these enzymes. Wieland and llosenfeld [1930] obs(U'V(?d a 
change in the ratio of the activities of the two enzymes after treating the milk 
preparation with adsorbing agents. This was tak{‘ii to mean that partial se- 
])aration had been achieved. Shortly afterwards Wieland and Macrai' [1930] 
found that the velocity of reduction of nu^hyhuu^ blue wdth xanthine and alde- 
hy(k‘ both i)resent togetJier was grt^ater than with either alone (method of 
summation or addition). 

On the other hand Sen [1931] found that the oxygen uptake ratios with 
hypoxanthine and aldehyde were not additivt‘. fie submitted this effei^t as 
evidence for the identity of the enzymes. 

In view ot Sen s r(\sults Wicdaiid and Mitchell [1932] reinvestigated the 
jirobkun and found that akkdiyde slightly reduced the velocity of anaerobic 
iormation of uric a<*id from xanthine, using methylene blu(\ But when qumone 
was us('d as oxidant th(‘y once mon^ obtaineil evidence for summation with the 
two substrates. 

It IS quite clear that this conflicting (‘\'iden(;e leaves th(‘ quc'stion of the 
idcuitit.y of the enzymes in an iinsatislaetory state. If thf‘ two (uizyimis are 
identical w(‘ havt‘ an unusual case of (*nzyme specificity, namely an enzyrru‘ which 
can activate at once a highly specific ])urine groujiing as w(‘ll as the aldehyde 
group Furthermort‘, wluu'eas the specificity towanls th(' jiurine grouping is very^ 
great lh(u*e seems to be no specificity as far as aldehydes are concerned since 
any akhdiyde, aryl or alkyl, can bt‘ activated. From the point of view of our 
knowIedg(' of tin* m(‘chanism of enzyme reactions the identity of these two 
enzymes is of gri'at importance*. 

It would offe^r a. useful example for af)])lication — -by analogy — to other 
specificity jiroblems. The question was theriToriJ reinv(‘stigated with a view to 
clearing u]) the disevc!panci(‘s in tin* lit<‘ratur(*. fn this jiaper the experimental 
(‘vidcuice of Wit'land and his (?o-workers will 1 m* considereel in detail and it will 
be shown that th(*ir evidence against the identity of tlu* two enzymes is not 
valid, and fresh lines of evidc‘nee will be presented pointing strongly to there 
being only one eu/.yiiK*. 

ExPERlME^i TAJ^ . 

The <*rizynne was ])r(*pared from Grade A cow's milk by the method of 
Dixon and Kodama [192()J. In some exjierimeiits the enzyme jiow^der was not 
defatted. Jt was dissolved in buffer at the begiiiiimg of each experiment. 

The concentrations of the more freqiumtly used solutions wtu'e as follows: 
phosphate buffer solution 0*25 Ji, pn 7*2; jm^thykme blue 0-0005 bcnzyl- 
viologen 0-00053/ ; quinone 0-00 J M : hypoxanthine 0-007 M ; uric acid 0-0003/ 
(for the inhibition experiments 0-033/ was used); acetaldehyde 20%; sali- 
cylaidehyde 0-023/; furfuraldehyde 0-13/; sodium salicylate 0-13/. Purines 
were dissolved in 0-01 3/ NaOH, the hy|X)xanthine solution being freshly made 
up every few days. Salicylaldehyde was generally preferred to acetaldehyde 
as being less volatile and therefore more reliable for Thunberg and Bar croft 
experiments. 

^ There were oases in which aldehydes alone were oxidised but the enzymic nature of the 
oxidation in these cases was doubtful. 
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The anaerobic experiments were carried out in Thunberg tubes, the hollow 
stoppers of wliich wore made large and so shaped as to lessen the risk of the 
substrate boiling over. Except where stated differently^ each tube contained 
3 ml. buffered enzyme solution, 1 ml. methylene blue, x ml. substrate and \-x ml. 
water or another solution. Sets of 4 tubes were evacuated simultaneously with 
a water pump. 

The aerobic experiments were carried out in Barcroft manometers. After 
equilibration in the bath the substrate was tipped in from Koilin cups. 

The temperature of the thermostat in each case was 38^'. 

Concentration curves. 

In order to examine critically the evidence against the identity of the two 
enzymes certain aspects of the kinetics must be considered. 

Morgan et aL [1922], using whole milk, found that the velocity of reduction of 
methylene blue was independent of the concentration of hypoxanthine. Dixon 
and Thurlow [1924,2], using the caseinogen preparation, varied the concentration 
more widely and obtained the substrate (joncentration (iurve showm in Fig. 1 , B. 
They found that the ‘‘critical concentration’' (the con eventration at which 
inhibition begins) dtqKJiided on th(' enzyme concentration. That is to say that, 
whenvas 0*0006 J/ hypoxanthine may be below the critical concentration with 
a highly active enzyme solution, the same concentration of hypoxanthine may 
l)(* above' the critical point — and cause' inhibition — of an e'lizyme* solution of low 
activity. With tlie whey preparation of Dixem and Kodama I have obtained 
tlie substrate concentration curve' in Fig. 1, A (although when milk was use'd a 



Milliiriolar contjeiitration of MilUmolar csoncentration of 

hypt)xanthine salicylaldehyde 

Eig. 1. Fig. 2. 

Fig. 1. A, Substrate concentration curve with hypoxanthine. R, Dixon and Thurlow’s curve. 
Fig. 2. Substrate concentration curve with salicylaldehyde. 

curve similar to that of Dixon and Thurlow was obtained). Like Dixon and 
Thurlow’s critical concentration, the optimum concentration was found to vary 
with enzyme concentration. That is, with a constant substrate cjoncentration 
the relation between activity and dilution of the enzyme was not linear. For 
example,*^ with a given concentration of hypoxantliine (optimum for the concen- 
tration of enzyme used) the reduction fime of methylene blue was 1 min. 30 secs. 
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Dilution of the enzyme 1 in 3 increased the reduction time not to 4 mins. 30 secs, 
but to 7 mins. 45 secs. The substrate concentration curve for salicylaldehyde 
also shows a maximum though it is less marked (Fig. 2). The inhibition of the 
Schardinger enzjnne by excess aldehyde begins at a concentration depending 
on the enzyme activity and here again the inhibition is more pronounced at 
lower enzyme activity. Curves showing the variation of enzyme activity with 
change in dilution are given in Fig. 3. It is noteworthy that neither curve 



mg. enzyme preparation in 5 ml. final volume 


Fig. 5. Enzyme ooncenf-raiion curves with constant substrate concentration. Quantities as 
given under “Experiincntar’, using 0*2 ml. hypoxanthine and 0-7 ml. .salicylaldehyde. 

passes through the origin : which means that, at high dilution, activity falls off 
rapidly owing to inhibition by excess substrate. (In the figures the velocity is 
expressed as the reciprocal of the reduction time multiplied by 10,000.) 

The* bearing of this on Wieland and Rosenfeld's adsorption experiments will 
now be discussed. 

Adsorption experiments. 

Wieland and Rosenfeld [1930] studied the adsorption of xanthine oxidase 
and the Schardinger enzyme by alumina Cy and by calcium oxalate. They deter- 
mined the ratio of the activities of the two enzymes in their preparation from 
methylene blue reduction velocities in the presence of xanthine and of salicyl- 
aldehyde. They then repeatedly treated the enzyme solution with the adsorbing 
agent and redetermined the ratio after each adsorption. The ratio was found to 
change. It was concluded that this change in ratio implied preferential adsorption 
of one enzyme and hence that the enzymes could not be identical. 

These authors defined their unit of activity as the enzyme quantity which 
reduces methylene blue under given conditions in 5 mins. As it would be 
laborious to adjust the enzyme quantity in each case to give a reduction time 
of exactly 5 mins., it seems probable that they actually observed the reduction 
times and calculated the enzyme units. This calculation involves the assumption 
that the activity is proportional to tlie concentration of enzyme. But Fig. 3 
shows that such is not the case if the concentration of purine is kept constant. 



1736 


V. H. BOOTH 


Now, because the inhibition by excess substrate is more pronounced with purine 
than with aldehyde, the ratio of the reduction times (and therefore of tluur 
reciprocals) should vary with varying enzyme concentration, unless these sub- 
strates are prescmt optimally for each particular enzyme concentration. Such 
variation has been observed experimentally and is shown in Fig. 4. Th<' ratio 

can be varied widely merely by varying the 
dilution of the enzynu^. Hence in experi- 
ments in which this ratio is studied, either 

(a) the enzyme quantity must be adjusted 
to give a standard n^duction time with one 
substrate and the reduction tim(^ with the 
other substrate observ(‘d and compared, or 

(b) the ratio obsfTved must be competed for 
dilution of the t'nzyme by ndorenco to such 
a curve as in Fig. 4. One ofWi(‘land and 
Rosenfeld’s adsorption experinu'iits was re- 
peated, with th(‘ above pre(*autions. The 
reduction times of an tmzym(‘ solution W(U*e 
determin(‘d in presence of hypoxantliine and 
of salicylald(‘}iyde. AmmoTiium oxalate and 
calcium chlorid(‘ w{‘re then ad(h‘d and tlu‘ 
prccipitab^ centriftig(‘d oil. TIk^ reduction 
tim(‘s (and h(‘nc(5 the ratios) wt^re- redeter- 
mined using the centrifugate in various dilutions. The ratio was foinjd to have 
chang<'d, but the change w^as exactly that whi(ii would be prcdi(‘t-(‘d from Fig. 4 if 
the adsorption had merely reduced the enzyme concentration. The preiipitate was 
then eluted with phosphate buffer at /ijj 8*0, as described by Wi(iand and Kosem- 
feld, and the ratios were determine;d at two dilutions and compared with those 
read off from the standard curv<\ There was no significant charig(\ Some of the 
observed ratios are shown in Table 1 compared with thos(‘ [iredit t€*d for known 

Table I. 

The “ predicted ratio ’’ was found for eaeh hypoxauthine reduction tune from Fig. 4. Quantities 
as gheii under Fxperimentar’, using 0*2 ml. hypoxanthme and 0-7 ml, salieylaldehyde. 



lieduction time 


Ratio of 

l^re- 


t 

Hypoxanthine 

Salieylaldehyde 

reci- 

procals 

dicted 
rat 10 

Unadsorbed material 

2 mins. 15 secs. 

5 mins. 

, 30 secs. 

2-5 

25 

(in centrifugate) 

.‘1 ,, 

7 „ 

15 „ 

2:1 

2-3 


r» „ 10 „ 


30 „ 

IC) 

1*7 

Adsorbed and eluted 

2 „ ao „ 


30 „ 

2G 

2-4 

material 

7 „ 

10 „ 

45 „ 

1-5 

lo 


reduction times with hypoxanthine. Within limits almost any desired ratio could 
be obtained before or after adsorption or elution by arbitrarily selecting a given 
dilution of enzyme solution. But the change in ratio does not give any evidence 
of a separation of the two enzymes. 

With r(»gard to Wieland and Rosenfeld’s allcgt^d separation it must be 
emphasised that 

(a) the separation was only partial and never great; 

(b) unless performed under more controlled conditions the experiments cited 
lose their significance; 

(c) under such controlled conditions there was no indication of any separation. 



Itoductioii lime in minutes 
(with hypnxarithiue) 


Fig. 4. Dependenee of ratio on enzyme 
concent ration. 



XANTHINE OXIDASE AND SCIIARDINGER ENZYME 1737 


Method of competition. 

Wieland and Macrae [1930] showed that tltc vclo(3ity of reduction of methylene 
blue with xanthine and aldehyde present together as substrates was greater 
than with either alone I have been unable to confirm this additive effect. 
For instance, in one* e‘xperiment the re<luction times were: with 0-2 ml, hypo- 
xanthine 5 mins. 30 sc‘cs., with 0-7 ml. salicyl aldehyde 9 mins. 15 secs., and with 
0*2 mi. hypoxanthine -f 0-7 ml. salieylaldehyde (5 mins. 30 secs. The two sub- 
strates appear to be eomp(*ting for tln^ same enzyme, tlu^ rf*diietion rate wnth 
both together being intermediate i)etween the rah^s with eithc'r alont*. 

Wieland and Mit(;hell (1932) used benzoquinone as hydrog(^n acceptor and 
show(*d that the rah* of its reduction by xanthine and acetal(h‘hyd(* present 
tog(*th(*r as substrah's was great(‘r than that with cithcT alont*. The experi- 
mental evid(*nce for their (*onchisions is hardly satisfactory for th(^ following 
reasons. 

(1) The xanthiiK* added was only (‘(pii valent to the c|uinone. Naturally on 
adding acetaldehyde the rate was increas(*d, if more xanthine liad been added 
instead the rate would ha\'e b(‘en increased. In this method it is (\ss(*ntial that 
the enzyme be saturat(*d with its siilistrate throughout the reaction. 

(2) Their curves, which an* reyiroduced in Fig. 5, clearly demonstrate that 
with increasing amounts of aldehydi* tlu* rat(* of reduction of (piiiione was pro- 
gr(*.ssively more rayiid. Th(‘y s(‘lected a concentration of aldehyde* which did 
not saturaii^ tlu^ enzynu* and, as sliown by their own curves, the addition of more 
aldi'hydc also ha<l an additive (‘ffe(*t. 



Fig. 5. Wieland and MitchelVs curves. A , 2 nil. aldehyde ; /i, 1 ml. aldehjrde ; (\ 0*5 ml. aldehyde ; 

/>, I ml. aldehyde + xanthine; K, 0-5 nil. aldehyde + xanthine. 

(3) Of the two exjH^riments given, in that with the higher coneontration of 
aldehyde (curve />) — i,e. where the aldehyde concentration approached saturation 
— the additive effect was patently less, lending support to the above criticisms. 

(4) It is noteworthy that in one of the two addition experiments the curves 
for aldehyde alone (B) and for aldehyde + purine (D) are coincident for the 
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greater part of the reaction, and only towards the end, i.e. when the xanthine 
is nearly exhausted, is there an additive effect. 

(5) An alternative and as reasonable an explanation is that the destruction 
of enzyme by quinone proceeds with different velocities in the two cases. There 
is other evidence that purines protect the enzyme from destruction. 

As Wieland and Mitcheirs results with quinone wt'ro inconclusive the 
ex£H:jriment was repeated. The substrates — hypoxan thine and salicylaldehyde — 
were present in optimum concentrations for the particular enzvine strength used, 
as determined experimentally. The reduction of the quinone was followed in 
two different ways. In the first method a series of 3 Thunberg tubes was used. 
Each tube contained 2 ml. enzyme-buffer solution, ]•() ml. quinone and 0*75 ml. 
benzylviologen as indicator; the first tube contained 0-25 ml. hypoxanthine, 
the second 1 ml. aldehyde and the third (contained both. Tt was assumed that 
the reduction of quinone did not proceed through benzylviologen as an inter- 
mediary. The appearance of the first traces of the blue colour of the reduced 
form of benzylviologen marks the completion of the quinone r(*duction. The 
times were: with hypoxanthine 5 mins. 15 secs., with aldehyde 16 mins. 15 secs., 
and with hypoxanthine aldehyde 12 mins. 45 secs. Thesc^ results give no in- 
dication of any additive effect. 

Tt might be objected that the presence of the dye affected the results — that 
the quinone was not being reduced directly but via the dy(\ This was unlikely 
from considerations of potential but to meet the possible objection the experimtmt 
was carried out in another way which was suggested by an early experiment of 
Dixon [1926]. Enz^mie-buffer solution and quinone in the same' proportions 
as in the above exy)eriment were put into the tube shown in Eig. 6 which was 




Fig. C. Var*uum electrode veBsel. 

Fig. 7. Coinpotitioii of Bubstrates, using quinone. 4 , hypoxanthine ; jB, salicylaldehyde; 0, hypo- 
xarithinc t halu'vUildehyde. 

evacuat(^d and incubated at 38° for 15 mins., equilibrium with the electrode 
being then reached. The substrate was added and the potential followed against a 
saturated caloimO half-cell, the latter being at room temperature. The agar in 
the capillary bridge was prevented from being forcH^d into the evacuated vessel 
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by sintering a plug of powdered glass in the end: it was then filled with agar-KCl 
(3ontaining a suspension of kaolin. The hypoxanthine was added from the glass 
cup B. The stalk A rested on the bottom of the tube, the curved foot keeping 
the cup against the tube wall, minimising the risk of fouling the gold electrode. On 
inverting the tube the arm C prevented immersion of B and allowed the sub- 
strate solution to drain out. Mixing was cMJinplete after three inversions. De- 
aerated aldehyde was added through the burette. When no aldehyde was used 
boiled-out water was added in this way as a control. The results of this experi- 
ment are shown in Fig. 7. Competition is clearly indicated by the curves. 

Com})etition was also observed anaerobically when the comparatively 
negative dye Nile blue was employed. 

It thus apjx^ars that, whether the hydrogen acceptor is Nile blue, methylene 
blue, quinone or molecular oxj^gen, provided that the enzyme is saturated with 
substrate, competition is always observed. These findings would 1x3 unlikely 
if two enzymes were concerned. 


Inhibitors. 

Effects of salicylate and formate. Sen [1931] found that vanillin and piperonal 
inhibit the aerobic oxidation of hypoxanthine by xanthine oxidase. But alde- 
Jl^'des themselves in these experiments behave* at once as hydrogen donators 
and as inhibitors. In order to avoid this complication the oxidation product of 
salicylaldehyde, namely salicylate, was tested. The r(?sults, whicii are sum- 
marised in Table TI, show that it inhibits xanthine oxidase and the Schardinger 


Table II. 


Quantities as tjivon under “Experiraentar’, 
aldehyde and 0*1 ml. salicylate. 

Substrate 

tipped 

after 


using 0-2 ml. hypoxanthine, 0 7 ml. salicyl- 


Red notion time 


Hypoxanthine Salicylaldehyde 


(^oiitrol — no salicylate 

2 mins. ,30 secs. 

5 

mins. 

Salicylate in stopper 

2 „ 30 „ 

0 

,, 30 secs, 

44) „ 

10 

„ 30 „ 

Salicylate in tube 

2 30 „ 

8 

.. 45 ,, 

,, 

40 „ 

S 

., 30 ,. 


11 mins. 

:u „ 

38 „ 

37 „ 

27 


enzyme to approximately the same extent. To determine whether the action 
of salicylate on the enzyme was one of inhibition or destruction the following 
experiment was performed. The enzyme was incubated with and without 
salicylate for 40 mins, before the substrate was tipped in. As shown in Table II 
there is no indication that the activity of the enzyme is diminished by long 
contact with salicylate — ^in fact there is some evidence of increased activity. 
Neutralised sodium formate also inhibited both enzymes in approximately 
similar degree. The inhibition of the purine oxidase by the oxidation product of 
the Schardinger enzyme substrate speaks for identity of the enzymes. 

Effect of uric acid. Dixon and Thurlow (1924, 2] found that anaerobically 
both enzymes were inhibited by uric acid. This fact constitutes strong evidence 
in favour of identity. While it is reasonable to assume that uric acid is not 
a general inhibitor of dehydrogenases the evidence would gain in force if the 
assumption were verified experimentally. The most suitable enzyme on which to 
test the effect of uric acid would be the aldehyde oxidase from potato which 
has certain properties in common with the Schardinger enzyme although 
incapable of activating hypoxanthine [Bemheim, 1928]. Both enzymes activate 
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aldehydes, both reduce nitrate and oxygen directly and in each case some pro- 
duct of the aerobic oxidation rapidly destroys the enzyme. A crude preparation 
of the oxidase was therefore made as follows. Potato juice was saturatcid with 
ammonium sulphate and the precipitate filtered ofi, washed several times with 
saturated ammonium sulphate and dissolved in buffer. This solution was filtered 
and the precipitation w^as repeated. The precipitate obtainecl wuis dissolved in 
buffer at pjj 7*0 and the resultant brown solution was used for the (experiment. 
Using acetaldehyde, iurfuraldehyde and salicylaldehyde as substrat(^,s it was 
found that anaerobically uric acid had no in}iibitor>' (‘ffect wiiatever on the 
aldehyde oxidase from potato. Uri(‘ acid was also completely without effec^t on 
the lactic and a-glycerophosphate dehydrogenast's from yeast. 

Effect of S-nhefhylxanthinc\ Prof. Keilin kindly informed me that ll-methyl- 
xanthine strongly inhibits xanthine oxidas ‘ aerobically and sugg(‘ste(l that the 
effect of this purine on the Schardinger enzyme shoukl be studied. ExjK'rimcmt 
showed that the aerobic oxidation of salicylald(^hydt‘ as well as of hypoxanthine 
was d(^finitely inhibited (Figs. 8 and 9). The difference in the shapes of tlu‘ two 
(‘uryes wdll be dealt with in a later section, but it is noteworthy that the in- 
hibition is pronounced during the first 5 mins, and after that tinu* the contrcjl 
velocity tails oft* rapidly, pointing to extensiv^e destruction of (‘nzvm(\ 



Kig. 8. 


rig. 


tigs. 8 and 9. Inhibition ol Schardinger enzyme by 3-metbylxaii thine. 

J he right liarerof t manometer cups contained 2 ml. enzj'^me- buffer solution, and the left 
>inpensa1 inir) cum i’oniained 2 ml oi-norl 0.7 an I..] ..1 J. • ^ 


iuj. nuMllloil, ailU. tUC iClt 

U Oinpensaling) cups <*oniaiiied 2 ml. buffer. Kach cup (?ontained 0*7 ml. salicylaldehyde in a 
' ' ' '* meter A contained 3-methylxan thine. Thi‘ purine was 


Keilin cup. The right cup of manometer . tjxx uuum; was 

dissolved in (H .V NaOlf, and 0-6 ml. containing 10 mg. was used. The same quantity was 
titrated with H(.l ; it was found that O-Oh ml. of the NaOH had been neutralised by the purine 
while 0 o.» remained in excess. Therefore 0-55 ml. KaOH was added to the right cup of 
nianometer /? and to each compensating cup to make the identical. No alkali was put 
into the pots for absorption of carbon dioxide. ^ 
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Coombs [1927] showed that 3-methylxanthine, though not itself oxidised, 
inhibited the enzymic reduction of methylene blue by hypoxanthine. The results 
in Table HI show that 3-methylxanthine also inhibits the enzymic oxidation of 
various aldeh 3 ^des by methylene blue. 

Table HI. 

Quantities as given under “Experimental", using e'C)l»12d/ 3-inetbylxanthine and aldehydes 
in final coneentrations shown. Three difTer<‘td enzyme prt'paralions were used for th(‘ several 
aldehydes. 

Reduction time 

VVitliuut purine Witli purine 

Acetaldehyde (U Ol M) 2 nuns. 30 secs. *11 ruins. 

V^anillin (O-OI J/) 20 73 „ 

Salicylahlehyde (0*003 30 3 „ 30 ,, ]0 „ 

Prefrrontial inhibifion of one, enzyme. From time to time cases have been 
brought to my notice (privati^ (communications) of a reag(‘nt which strongly 
inhibits one (‘iizyme altliough it lias little or no effect on the other. But on 
car(‘ful examination, emplovdng suitable controls, th(\se ditfercnc(*s largely 
vanisluMl. In one case the conditions of the experiment were such that the 
oxidation of al(leh,vd(c was not enzymic. In anotluT (‘ase it was claiuu'd that the 
Schardinger enzyme w^as completely inhibited a concentration of 2:4-dini- 
trophenol wffiich had very little <‘tt‘ect on xanthine oxidase [Davidson, un- 
publish(*d (‘xi)eriraents]. The inhibition obtained with formaldehj^de w^as eer- 
tainly greater than with xanthine or h^^poxanthine but it w^as also greater than 
with other aldehydes, and in no ease was tlie Schardinger enzymic coinplctel,y 
inhibited. 

1 found that neutralist^d sodium acetate almost coinpleteh’ inhibited xanthine 
oxidase (using In’^poxanthine) although it had but little effect on the Schardinger 
enzyme (using salicylaldehyde). llow^ever, the inhibition, while still marked, 
was less whcm xanthine w’as used or w hen the hypoxanthine (concentration was 
high. Further, the inhibition of the Schardinger enzymic w’^as greater with 
a(*etaldeh\^de or furfuraldebyde*, while wdth formaldehyde it was even greater 
than wdth xanthine. 

In vic^w'^ of these experiences it is urged with cogent reason that claims for 
the non-identitj^ of tlu' cmzymes should not be based on prefeivntial inhibition 
until the matter has been inv(\stigated in great detail and all possible controls 
performed. Indeed it would appear that convincing proof of non -identity can 
only be providinl by complete separation of the enz\nnes. 

PbOTECTIOJ^ of the SCIIABDINGER ENZYME BY PURINES. 

The rate of oxygen consumption by the Schardinger enzyme in pre8eui(*(' of 
an aldehydes falls off very rapidly with time (Fig. 8, curve B) and it is in practice 
impossible to obtain a theoretical uptake before complete destruction of the 
enzyme sets in. This effect has been attributed to the production of hydrogen 
peroxide [Dixon, 1925]. Fig. 8, A represents the velocit}'^ of aldehyde oxidation 
in presence of 3-methylxanthine. Here the velocity falls off to a much less 
marked extent, so that after a short time the velocity in presence of the purine 
is greater than that of the control. The obvious explanation is that the Schar- 
dinger enzyme is protected by the purine from destruction by some reaction 
product. 
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It was of interest to know whether uric acid exerted a similar protective effect 
on the Schardinger enzyme. The oxygen uptake by furfuraldehyde in the presence 
of the enzyme was therefore followed with and without uric acid. The curves in 
Fig. 10 show that oxidation was still proceeding in the presence of uric acid 



Fig. 10. Protection of ISchardinger enzyme by uric acid during aerobic oxidation of furfural- 
dehyde. Ay with uric acid; 7i, without. The right Barcroft manometer cups contained 2 ml. 
enzyme-buffer solution, and the left (compensating) cups contained 2 ml. buffer. Each cup 
contained 0*2 ml. furfuraldehyde in a Keilin cup. The cups of manometer A contained 1*1 ml. 
0*03 uric acid. Water was added to all cups to adjust the eoluine to 3-3 ml. Mo alkali was 
put into the pots. 

when it had practically ceased in the control. Presumably protect ion is effected 
by adsorption and the specific adsorption of purines at the active group of the 
aldehyde oxidase speaks for its identity with the active group of the purine 
oxidase. 


The IdVER ENZYME. 

Xanthine oxidase is found in a number of tissues and is invariably accom- 
panied by the Schardinger enzyme, as shown by Morgan [1926]. If these two 
enzymes are independent it would indeed be extraordinary if they were always 
present in the same proportions. The ratios of the activities of the two enzymes 
from liver were therefore compared with the ratio for milk. 

Crude xanthine oxidase preparations were made from ox liver in various 
ways. Preparations Aj and were made by half-saturating an aqueous extract 
with ammonium sulphate, drying the precipitate and extracting it with ether. 
B was acetone liver, (7j and Cg were made by extracting B with phosphate 

Table IV. 

Details as given under “Exjierimentar', using 0-2 ml. hypoxanthine and 0-7 ml. salicyl- 
aldehyde. The “predicted ratio'’ was found for each hypoxanthine reduction time (using the 
milk enzyme) by reference to Fig. 4. 



Reduction time 


Ratio of reciprocals 

A 

Preparation 

Hypoxanthine 

Salicylaldehyde 

r 

Observed 

Predicted 


9 mins. 1 5 secs. 

] 6 mins. 30 sees. 

1*8 

1*3 

A^ 

iri „ 

12 „ 

15 

0*8 

1*1 

B 

7 .. 

15 „ 


2*1 

1*5 

(\ 

4 ,, 20 „ 

10 „ 

45 „ 

2*6 

2.0 


4 „ 45 „ 

10 „ 

40 „ 

^2•2 

1*7 

D 

4 „ 35 

6 „ 

30 „ 

1*5 

2*0 





Mean 1*8 

1*6 
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buffer, half-saturating with ammonium sulphate and extracting the dried pre- 
cipitate with ether. D was a dialysed aqueous extract. The reduction times of 
methylene blue with hypoxanthine and salicylaldehyde are shown in Table IV 
and the ratios are compared with those for milk at corresponding dilutions of 
enzyme (the criterion of dilution being the reduction time with hypoxanthine) 
by reference to Fig. 4. The preparations were mostly coloured and had a small 
reducing blank. The agreement between the ratios found for liver and for milk, 
though not exact, is striking. 

Colostrum. Both enzymes were found in two samples of cow’s colostrum. 
One of the samples was taken a few minutes after parturition. 

Embryonic apfearan'ce of the enzymes. 

Morgan [1930] studied the first appearance of xanthine oxidase in chick 
embryonic* tissues. He found it in the yolk sac on the seventh day and in various 
other tissues after that time. If the Schardinger enzyme emerged simultaneously 
with xanthine oxidase* in the chick embryo one would have a striking con- 
firmation of identity. 

Morgan used Bach’s tc^chni(|ue in which the tissue is ground in sodium 
fluoride solution and allow(‘d to stand for a day or more until the reducing 
blank i-^ n(.‘gligible. In the present invt\stigation the tissue was washcid with 
water and ground with sand. The fluid was centrifuged off and the residue was 
suspended in w^ater and again ground with sand. The combined extracts were 
half-saturatiid with ammonium sulphate, and after 15 mins, the precipitate was 
centrifuged off, washed with saturated ammonium sulphate and dissolved in 
10 ml. buffcjr. The ex^KU’iments were iK*rformed within a few hours of opening 
the eggs. With this t(*chnique traces of xanihiiK* oxidase were detected some 
(lays earlier than rccordt*d by Morgan. Yolk sac and whole embryo w(Te used 
for th<*se experiments. It w^as impracticable to remove the yolk sac earlier 
than the third day. In ordcT to detect small traces of enzyme both the* final 
volume and the concentration of metliylene blue were kept low. The results 
given in Table V show that the first appearances of the two enzymes are exactly 

Table V. 


Each tube contained 2 ml. enzyme-buffer solution, O lo ml. methylene blue and 0*05 ml. 
hypoxanthine or 0 ()8 ml, salicylaldehyde. The blank contained water instead of substrate and in 
each case the vulumo was made up to 12*25 ml. with water. 





Reduction time 


Knzyrao present 

Age in 


No. of 

Hypo- 

Salicvl- 


Xanthine 

tSchar- 

days 

Tissue 

eggs 

xanthine 

aldehyd© 

Blank 

oxidase 

dinger 

3 

Yolk sac 

8 


20%* 

cc 

■t 

4- 

4 

ff 

5 

5 hours 

8 hours 

cx 

-1- -r 

-f 4 

6 


i\ 

20 mins. 

50 mins. 

3 hours 

^ 4 'f 

f- ^ 4 

7 

Whole embryo 

3 

<X) 

OO 

or.) 

- 


8 

f9 

2 

8 hours 

8 hours 

8 hours 


- 

0 

99 

2 

12 hours 

50 %* 

OC’ 

-1' 

“f 


* Percentage reduction in 12 hours. 


coincident. If all dehydrogenases made their first appearance at the same time 
the value of this observation would be small. Five other (mz3nnes were therefore 
tested for and the following were found in the 8-day whole embryo : succinic, 
lactic, hexosediphosphate, a-glyoerophosphate and glucose dehydrogenases. 
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Eb’fegt of heat. 

Xanthine oxidase and the Scliardinger enzyme are both more resistant 
to heat than the majority of dehydrogenases. Dixon and Thurlow [1924, 2] 
stated that “ both enzymes. . .are destroyed in the same d(^gree by heating for a 
siiort time’’. This observation has been confirmed, an enzyme })reparation being 
heated for varying lengths of time. After heating in a water- bath for an hour 
at 67*^ both enzymes were still active although considerable destruction of each 
had be(ui brought about. More prolonged heating destroyed both. In no case 
was separation of the enzymes achieved. 


Dual destruction. 

As a routine proc(‘dure during this investigati<.)n when for any reason a 
preparation of xanthine oxidase became inactive towards hypoxan thine its 
activity towards aldehydes was also tested. In many such experiments thcTC 
was never encountered a case' eithe.r of separation of the enzymes or of individual 
d(^struction. 

Effect of inactive frotein on the ratio. 

For given conditions the ratio of tlu* activities of the two (‘nzyines is found to 
vary to some extent in difierent preparations. The v^ariation is never marked 
and in general the more protein present the higher the ratio: for instance it is 
high in a prej)aratic)n rendered partially inactive through long k(H'j)ing or by 
luxating. It is reasonable to suppose that with destruction of (‘iizyme inert j)ro- 
t(»in is formed which is still capable of adsorbing the substrattL Thus if adsor])tion 
of substrate by inert protein WT^re extensive the concentration remaining in 
solution might then be siiboptimum, and the activity of the enzyim‘ would aj)p(»ar 
to be low. If the adsorption effects with the two substrates wore not identical 
the ratio would appear to change. Tliis hypothesis was put to (^xptu'inH^ntal t(‘st. 
Th(' reduction time of an enzyme solution with salicylaldehyde w as fouiKl to 
incTcas(‘ on addition of boiled enzyme solution. Increasing the aldehyde* con- 
centration restored the r<Kluction time to the original valut*. Increase* of the* 
aldeliyde concentration of the control had practically no etfect. The cxperinKUit 
was repeated using a solution of egg albumin, 'Jlui results are shown in Table VI. 
The* redu(;tion time with hyjioxanthine is almost unafi’ected by inactive protein 
whereas that with salicylaldehyde is inert'ased. Consequently the ratio rises as 
shown in the tabh*.. 

Table \L 


Quant itioH: i ml. enzvme-butTer Kululion; 2 ml. buffer, boiled enzyme solution or 4*^^, egg 
albumin in butler, others as under “Experimental”. 

Kedueiion tune 


Enzyme } 0-2 ml, bypoxanthine 

„ + boiled enzyme 

„ ,, 4 albumin 

+ 01 ml. sahcylaklcliyde 

,, „ 't boiled enzyme 

,, „ 4 albumin 

4- J O ml. ,, 

,, ,, -f boiled enzyme 

„ „ 4 albumin 

Boiled enzyme solution 4- sabeylaldebyde 
Activity ratio of control 

„ „ in presenet? of boiled enzyme 

*> »» ff albumin 


3 mins. 15 .sees. 

a „ 

3 „ 15 „ 

12 lo „ 

12 „ 

fi „ 30 „ 

H „ 


2- 5 

3- 7 
4 1 
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Mixed dismutation. 

Green et al, [1934] showc^d that isolated dehydrogenase systems cannot 
react with one another dirc^ctly: the reaction can only proceed through some 
intermc^diary of the type of an oxidation-reduction indicator. They sliowed, for 
instance, that, in presenct^ of the rc‘spective dehydrogenases, lacitate and furnarate 
would not react anaerobically to form pyruvate unless a suitable oxidation - 
reduction indicator were add(‘d. The indicator was alternately reduced by the 
lactak^ system and oxidised by th(‘ furnarate system, behaving as a hydrogen 
carrier. So also formate would only rea(*t with nitrate, in pres('n(;e of the 
(*nzymes, to yield nitrite if a carrier were present. Xanthine oxidase + hypo - 
xanthine was link(‘d with the succinic dehydrogimase and with the lactic dehydro- 
genase systems. Several diflercmt preparations of xanthine oxidase (made by 
the mc^thod of Dixon and Kodama [1926]) wen* used, including one prepared by 
the author, but in no case was an^^ uric acid produc(‘d unless a carrier had be(‘n 
added. These last experiments proved that the xanthine oxidasi* jireparations 
contained no carrier. Now th(\sc findings .suggested a possible means of in- 
vestigating th(‘ (pKistion of the identity of the Schardinger enzyme and xanthine 
oxidase, for if the two systems will r(‘.act witliout add(‘d carri(‘r it is unlikely 
that t wo d<‘hydrogenases are concerned. 

Accordingly enzyme, salicylate and hy])Oxanthin(‘ were incubated anaero- 
bically. AftiT 5 hours the solution was de})roteinis(‘d with uranium ac('tate and 
t(^ste(i with B(‘nedict’s uric acid reagent and with the piiosjhotungstic reagent, 
but. no uric acid was dek'cted. Nor was any detected either when the relative 
(*oi Kent rations of th(» reagtmts wen‘ v^aricsl or whem b(‘nz\ Iviologen or metliyl- 
violog(‘n (indicators with potentials of —359 rnv. and —446 mv.) w(Te add(‘d as 
carriers, excejit trac(‘s equivalent, to the indicator reduced. The non-])rodu(‘tion 
of uric; acid <‘ven in the jiresc^nce of a (*arrier may bc' due to th(‘ irreversibility of 
the change from acid to aldehyde* as catalysed by the* Schardinger enzyme*. 
For indee*d (‘xperime'nt has shown that the syste*m enzyme-aldehyde-acid- 
indicator is not reve*rsihJe regardless of the type of aldehyde tried. 

The conve*rs(* (*x])e*rim(*nt was the*n pe'rformc'd yi(*lding more promising 
results. Whe*!! uric acid and salie ylaldelnxle were incubated w ith the* e*nzyme the 
uric ae*id almost e;om])K*tely disai)p(*ar(*el. Uric acid also diminished w hen various 
otlu*r aldehydes - - acetal(le*hyde, })re^pionaldehyde, isobutylaldehyde, furturalde- 
hyde*, piperonal — ^w ere* trie‘d, but the disa})})earance never jiroceeded to so great 
an extent as when salic\'laldehyde w'as u.sed. A s(*ries of Thunberg tub(*s w'as 
incubatc'd, each tube containing enzyme*, uric acid and sal icy] aldehyde. The uric 
acid was estimated at iiit(*rvals, the results being sho^vn in Table VH. Control 

Table Vir. 

Each iubi* contained 2 ml. enzyme-buller solution (or bufter only), 0 4 ml. uric acid, 1 ml. 
sahcylaldehydo, with water to make the total volume up to 5 ml. To one tube 01 ml. salicylate 
was added. 


Enzyme 4 uric acid + aldehyde 

Incubation 

time 

0 

Uric acid 
mg. 

04 

1 hour 

0'3 


2 hours 20 min. 

0-2 

»» »» » 

6 „ 15 ., 

01 


10 „ 

0-05 

M ,, „ 4* salicylate 

ff » 

0*2 

Uric acid + aldehyde + buffer 

15 „ 

0-4 

Enzyme + uric acid 

15 „ 

0-4 

Boiled enzyme + uric acid + aldehyde 

15 „ 

0-4 
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experiments were carried out — the aldehyde replaced by water, the enzyme 
omitted or boiled — but in no case did the concentration of uric acid decrease. 
The experiments were repeated several times with five enzyme preparations, 
always with the same result. Salicylate was found to inhibit the reaction between 
uric acid and salicylaldehyde. That tliis was due to inhibition rather than to an 
effect on the equilibrium of the reaction was shown by the following experiment. 
When uric acid had largely disappeared from a tube salicylate was tip{>ed in 
from the hollow stopper in a duplicate tube. After incubation overnight no 
increase in uric acid was observed over that in the control. 

The question arose, what is the fate of the uric acid ^ Is it reduced to xanthine 
and hypoxanthine ? Or does it, when activated by the enzyme, combine with 
the aldehyde? Into each of four large vacuum tubes were measured 25 ml. very 
active enzyme-buffer solution, 10 ml. uric acnd and 12 ml. salicylaldehyde. A 
few drops of octyl alcohol were added to reduce foaming during evacuation 
and to prev^ent bacterial growth. After 48 hours’ incubation more than 90 % of 
the uric acid had disappeared. The contents of each tub(? were deproteinised 
with uranium acetate. The filtrate was made alkalint' with ammonia, and 
ammoniacal silver nitrate^ was added. The next day th(^ prtHMpitate's were 
centrifuged off, washed, suspended in water and (k^composed with hydrogen 
sulphide. The solutions w(Te filtered repeatedly until clear. Portions of one 
solution (which contained some uric acid) were shown to reduce methylene blue 
in presence of the enzyme with production of more uric acid. It was possible 
that the reduction was due to a compound between aldehyde and uric acid, 
the former reducing methylene blue and the latter being lilxTated, but ferric 
chloride tests failed to show the presence of hydroxy benzene derivatives in any 
of the solutions. The three other solutions were then heated with alkaline 
permanganat(% acidified and extracted with toluene. This treatment should 
oxidise any benzeme ring compounds likely to be presemt {e.g, salicylaldehyde or 
complex containing it) to benzoic acid, th(‘ latti‘r being the only aromatic* acid 
likely to be extract(*d by toluene. The extract was washed with saturated 
sodium chloride, dried by filtering and titrated with alcoholic NaOH. Tin* titra- 
tions were* negligible. 

Jn the absence of support for the compound hypothesis attf^ntion w’^as turned 
to possible reduction products of uric acid. To an enzyme-buffer solution wen* 
added uric acid, salicylaldehyde and a few drops of octyl alcohol. The mix- 
ture was put into flasks which were immediately evacuated and incubat^xi at 
45° for 3 days with fn^quent shaking. The flasks w(T(* then cooled and oj)ened. 
Test showed that the uric acid had nearly all disappeared. The protedns wvn) re- 
moved with 19% trichloroacetic acid and the filtrate was concentrated in vacuo. 
The concentrate was filtered, made alkaline with ammonia and filtered again, 
and ammoniacal silver nitrate was added. The silver precipitate was filtered off, 
washed with ammonia and then with water and boiled with nitric acid of 
sp.gr. M. The solution was filtered hot and allowed to cool. The next day a 
copious preeijatate had formed. This was filtered off and re crystallised twice 
from nitric acid of sp.gr. 1*1. The crystals were suspended in water and decom- 
jjosed with hydrogen sulphide. The solution was filtered several times, concen- 
trated on a water- bath and filtered hot. Ammonia was added to the hot solution 
until the pn was 7*6. The solution was then allowed to cool and the ijrecipitate 
centrifuged off. The substance was recrystallised from water and dried. It had 
the following properties : 

(1) It was a iion-dehquescent white powder. 

{2} Its aqueous solution had a slightly alkaline reaction. 
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(3) Analysis showed 39-7 % N (h 3 rpoxanthme has 41*2 %) 

(4) With xanthine oxidase it reduced methylene blue rapidly in a vacuum 
tube. 

(5) Similarly it reduced methylviologcn. 

(0) It took up oxygen in the presence of xanthine oxidase. 

(7) Uric acid was produced by incubation with the enzyme and 0*1 % 
methylene blue. 

(8) Uric acid was produced by aerobic incubation with the enzyme. 

(9) It formed a silver salt insoluble in cold dilute nitric acid. 

The amount of material available was not sufficient for more thorough 
purification and elementary analysis, but it is improbable that any compound 
other than hypoxanthine would give these siXK'ific biochemical tests. That milk 
does not contain any hypoxanthine is shown by the fact that methylene blue is 
never reduced by fresh milk. 

These results may be explained in another way. It is known that xanthine, 
under the influence of the enzyme, is dismuted to some extent to form hypoxan- 
thine and uric acid. Conversely a mixture of hypoxanthine and uric acid reacts to 
form some xantliinc' [Green, 1934]. This equilibrium may be represented by the 
following equation : 

Hypoxanthine -f Uric acid 2 Xanthine. 

If xanthine oxidase and th(i Schardinger enzyme are one a similar reaction 
between the reductant of one enzyme and the oxidant of the other might occur, 
the reaction proceeding according to the equation 

Uric acid + Aldehyde ->Xan thine + Acid. 

Some of the xanthine should then dismuted, or react with more aldehyde, form- 
ing tiypoxanthine. Proof that this does occur is furnished experimentally by the 
disappearance of uric acid and the isolation of hypoxanthine. The term “mixed 
(lismiitation '' is suggested for the phenomenon Numerous controls prove that 
it only occurs in prt'sence of the enzyme. It has been shown [Green ct ff/., 1934] 
that isolated dehydrogenase systems only react with one another if an oxidation- 
reducition indicator or carrier is present, and that there is no carrier in the 
xanthine oxidase preparation. Therefore the j^henomenon of mixed dismutatioii 
is presented as t‘vidence that only one dehydrogenase is concerned in the activa- 
tion of purines and of aldehydes. 


Conclusion. 

In this j)aper several lines of evidence have been presented in favour of the 
identity of the two enzymes, and in addition the evidence of Wieland and his 
collaborators against identity has been shown to be invalid for the most part. 
The present position may be summarised by the statemt^nt that either a set of 
extraordinary coincidences accounts for the similarity in behaviour and in- 
variable mutual accompaniment of the enz;>Tnes or that the two enzymes are 
identical. 

This raises the question: what is meant by identity? Do we mean that one 
and the same active group (or groups) on the enzyme surface activates both 
substrates ? Do we mean that two kinds of active groups are carried by the same 
colloid ? Or again do we mean a combination of both — one common adsorbing 
group of low specificity as well as two activating groups, one for certain purines 
and one for all aldehydes ? The first and third seem the more probable suggestions 
but until more is known about the mechanism of enzyme action it is premature 

Biochem. 1936 xxix Hi 
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to discuss tJiese questions. Suffice it to say that the same enzyme appears to 
activate certain purines and all aldehydes, the term enzyme having its generally 
understood, though vaguely defined, biochemical meaning. 

SUMMABY. 

1. The evidences in the literature for and against the identity of xanthine 
oxidase and the Schardingor enzyme is collated. 

2. A study of the kinetics shows that Wkdand and Rosenfeld’s adsorption 
experiments — which formerly had been taken to disprove identity — ^were in- 
sufficiently controlled. 

3. CompetitioTi and never addition is observed when both substrates are 
present together. 

4. Any reagent inhibiting one enzyme also inhibits the other. 

5. Purines not only inhibit the 8ehardinger enzyme but jw’otect it from 
destruction. 

b. Uric acid does not inhibit the aldehyde oxidase from potato. 

7. Experimental support is adductHi for the contention that preferential 
inhibition of one enzyme offers no proof of non-id(‘ntity. 

8. Activity ratios for the milk and for tlK‘ liver enzymes are closely parallel. 

9. In yolk sac and in whole embryo the first app(‘aranees of tlu' two enzymes 
are exactly (toincident, but (in the whole embryo) are preced(‘d by several other 
dehy t Irogcnases . 

10. Preferential destruction has never been brought about by heat or other 
agentu 

11. Certain obs<Tved changes in the activity ratio in ihv ]>rescnce of much 
protein are accounted for by adsorj)tion of one substrate, leaving suboptimum 
concentration in solution. 

12. ‘‘Mixed dismutation'’ occurs between uric acid and aldehyde, with dis- 
appt^arance of uric acid and formation of hypoxanthine, the purine dehydro- 
genase sysUun reacting directly with the aldehyde d(^hydrt»genase system in tlu* 
absence* of a respiratory carrier. 

During the progress of the work many useful criticisms and suggestions 
have be(ui offered by Dr M. Dixon and Dr D. E. (Ireen, to whom 1 exj.)r(‘ss my 
thanks. 
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During recent years Stickland [1921)J and Stc^phenson and Stickland [1931; 
1932 ; 1933J have publisht^d a series of investigations on the decomposition of 
glucose and formic acid by the so-called “resting'* B. coli. Tliey concentrated 
th(Mr attention chiefly on tht^ question of the evolution of h 3 'drogen iii this reaction 
and e-anie to tlie conclusion that their bacterial preparations (B. coli grown on 
caseinogtT) or broth, (*entrifuged, washc^d and suspended in buffer solutions) 
must Jiave eontaincHl three different enzymes. 

(1) Dehydrogenase , an (‘iizyine, winch aestivates the hydrogen atoms in the 
substrate* molecule, ])rovided a suitable hydrogen acceptor is presemt simul- 
taneously. For example, f‘ormi<5 acid d(*hydrogenase catalyses the reaction 
H.(X)()11 + D HHg-f COo. In this ease methylene blue can serve as a hydro- 
g(*n a.ecej)tor. 

(2) Hydrogenase , a ferment, w^hieh under tlui same conditions activates 
molecular InTlrogen j)resent m a substrat(‘ and conveys it to a suitable hydrogen 
aee(*ptor. This reaction can be n'presented by the (equations ::;:± 2H, and 
2H -f- H RHa- Hctc again mtdliylene blue or even moh'cular oxygen may act 
as a(;ct*ptor, 

(3) Hydrogenlyase, whuib generates mol(*eular hydrogen from formic acid or 
glucose 111 the absence of an acc(*ptor. This reaction is represented as follow\s 
for the decomposition of formic acid: H .COO 11 Hg + CO^j. 

However, tlu* authors are not ijinte consistent in tlulr nomenclature. In one 
(^ase 1 1931, ]>. 213j the deeomjxisition of formic acid into molecular hydrogen 
and carbon dioxidt^ w^as ascribed to the combined action of the two enzymes 
formic dehydrogenase and hydi’ogenase, while later [1932, ]i. 715] the same 
adion was supposed to result from formic hydrogen lyase. llowevtT, this 
probably only points to a justifiable change ol’ opinion during the carrying out 
of the research and in any case it is not of great importaiU‘e. 

The cardinal point in the publications of these authors from our point of 
view is the fact that th(*y make an important distinction b(*tw^e(*n the formation 
of molecular hydrogen from glucosi* and from formic acid, the responsibility for 
which they ascribe to the enzymes glucose hydrogenlyase and formic hydrogen- 
lyase, respectively. Thus the formation of hydrogen from glucose does not occur 
via formic acid, which is always produced in the fermentation with B, coli, but 
represt'iits an essentially different process. 

Like Dienert [1900], Karstrdm [1930] differentiates between constitutive and 
adaptive enzymes. The former are present all the time in the bacterial cell, 
independently of the mode of cultivation ; the adaptive enzymes, however, are 
formed only in response to a special stimulus during giwth exerted in one 
medium or another by the substance, which will be decomposed (by “ resting'’ 
microbes) in subsequent experiments. 

( 1749 ) 
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Yudlcin [1932] has extended thisidea somewhat by speaking of constitutive en- 
zy mt'S and those obtained by pure ‘ ‘ adaptation ” or by ‘ ' training ’ ’ . The difference 
between the last two categories is that an enzyme obtained by “training” (i.c. 
cultivation for a more or less extended time in a suitable medium) does not lose 
or at least only slowly loses, its characteristics when successive generations of 
the organism are bred in a medium from which the stimulating substance is 
absent, whilst an adaptive enzyme very soon disappears when the organism is 
cultivated in a medium without a special enzyme regulator. According to 
these ideas glucose hydrogenlyase is a constitutive and formic hydrogenlyase 
an adaptive cmzynie. 

This essential differei\tiation between tlie enzymes, which liberate hydrogen 
from glucose and formic acid, respectively, is justified on the grounds of the 
following facts according to Stephenson and Stickland. 

(1) When B. coU is grown under certain conditions (more or less anaerobic) 
on caseinogen broth without glucose or formate, then centrifuged, washed and 
suspended in a suitable phosphate buffer, this suspension produces gas containing 
hydrogen from glucose but does not attack formate. Only when formate or 
glucose is present previously (the latter forms formate^ on decomposition) has 
a bacterial suspension prepared as stated above the proj)erty of decomposing 
both glucose and formate with the production of gas. 

(2) The optimum for the two enzymes is different, viz. (>-2 for glucose 
hydrogenlyase and 7*0 for the formation of hydrogtui from formic acid. 

(3) The affinity of the two enzjnnes towards substrates is unequal, being 
much greater for glucose hydi’ogen lyase than h)r the enzyme which breaks up 
formic acid. 

(4) The formation of hydrogen from glucose occurs instantly without any 
lag period and takes place linearly, which according to Stephenson and Stickland 
would not be expected if the formation of hydrogen from glucose took places via 
formic acid. 

They state their final conclusion as follows : 

“The present state of our knowledge on tfiis point is therefore that the 
hydrogen from glucose does not come through formic acid and that it is liberated 
by an enzyme, which is not formic hydrogenlyase; whether it is liberated direct 
iroin the glucoses molecule or from some other intermediate i*ompound we do 
not know, though the absolute linearity of the reaction indicates that the former 
may be true.” 

A summary of these investigations containing the above conclusion has been 
given by Miss Ste})henson [1933]. 

Since this view of the decomposition of glucose and the method by which 
hydrogen is formed is not only contrary to the generally accepted theory of this 
phenomenon but is also at variance with our own experiments on the fermen- 
tation of glucose by botli gas-forming and non -gas-forming paratyphoid bacilli, 
it seemed to us that the question was worth reinvestigation. 

In the first place we have investigated how far it is possible to prepare 
susp(‘nsions of i>^ coli which will generate hydrogen from glucose but not from 
formic acid. The same technique was followed in the preparation of these sus- 
pensions as was employed by Htephenson and Stickland. 

At first wc used Witte pcjptone as the source of nitrogen in our culture media 
but later we also employed caseinogen-peptone. The preparation of the latter 
product was carried out accoiding to directions supplied personally by Stickland. 
This recijie agrees i)ractically completely with that of Cole and Onslow [1931]. 
It consists in a digestion of caseinogen dissolved as sodium salt by a very 
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powerful trypsin preparation. Unless otherwise stated, caseinogen broth was 
always prepared from cheap commercial caseinogen. 

Our first strain of B. coli (261) was isolated by allowing a drop of faeces 
suspension to grow on peptono-agar plates (1% Witte peptone, 0*5% sodium 
chloride and 2% agar in tap-water) and examining the properties of several 
transplanted colonies. The second strain (1452) was isolated in exactly the same 
way on caseinogen-peptone. The B. coli strain marked Stickland ’’ was received 
from Stickland to whom we again tender our thanks. This strain was originally 
taken from the National Collection of Type-cultures in London and in all prob- 
ability, therefore, had been subcultured for several years in artificial culture 
media. The last two strains (3812 and 3813) were isolated lik(^ the first on 
Witte peptone-agar. The properties of all strains were periodically examintnl in 
the usual way. 

Since Stephenson and Stickland stated that they allowed their B. coli 
cultures to grow in liquid caseinogen broth in Roux flasks, i.e. under practically 
complete aerobic conditions, while Yudkin on the other hand states that under 
strictly aerobic conditions glucose hydrogenlyase is formed only to a very slight 
extent and formic hydrogenlyase is not formed at all, it appeared to us not 
improbable that the production of the two enzymes was more or less dependent 
on the aerobic or anaerobic condition of the medium during growth. 

Our experiments were carried out in the follo\^dng way : 

( 1 ) M ethod of cultivation . 

(a) Aerobic on Witte peptone-agar. 

(5) Aerobic on Witte'* peptone-agar to which 1 % of glucose was added. 

(c) Aerobic on Witte peptone-agar to which 1 % of calcium formate was 
added. 

(d) For the greater part anaerobic in Witte jicptonc solution (1 % peptone, 
0*5% sodium chloride in tap water). 

(e) Like {d) in 3 % Witte peptone broth. 

(/) Like {d) in liquid ca.seinogen-peptone. 

(g) Aerobic on caseinogen -jieptom'-agar. 

(h) Aerobic on caseinogen -peptone-agar starting from very pure Casein- 
pur iss” Griibler. 

(j) Like (d) in liquid '‘Casein-puriss” Griibler-peptone. 

(2) Preparation of the suspemions. 

AfttT 20-24 hours’ incubation the liquid cultures were centrifuged and the 
solid cultures were suspended in physiological salt solution and then centrifuged. 
The precipitates so obtained were washed twice with salt solution and finally 
suspended in a small volume of this liquid. 

Since all our B, coli strains grew much better on or in caseinogen- jieptone 
than on or in Witte peptone, the suspensions obtained in the former culture 
medium were usually thicker than those obtained with Witte peptone. However, 
since the results given below are only of a qualitative character, we did not 
go to the trouble of diluting all our suspensions to the same density. 

(3) Ferm-entaiion experiments, 

Stephenson, Stickland and Yudkin used the accurate manometric method, 
particulars of which are given by Dixon [1934], in their experiments, which were 
of a quantitative nature. Since we had no such apparatus available, we had to 
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be content with observing the formation or the non -formation of gas from 
glucose or formate in the well-known Einhom fermentation tubes. For this 
purpose, 15 ml. of the suspension in question were mixed with 15 ml. of 1 % 
sodium formate solution in a phosphate buffer at pjj 7*0 and 15 ml. of the sus- 
pension were mixed with 15 ml. of 1% glucose solution in a phosphate buffer 
at 6*2. The formate and glucose solutions were previously sterilised for 12 mins, 
at 115°, which causes no loss or decomposition of the sugar. These mixtures 
were then filled into 10 ml. Einhorn tubes, which were placed in an incubator 
at 40°. The final result of the fermentation, i.e, the formation or non-formation 
of gas was noted after 24 hours. It was establish(‘d thai. when gas was formed, 
it always consisted of a mixture of hydrogen and carbon dioxide. On account 
of the purely qualitative nature of these experiments no attempt was made to 
determine the exact amounts of gas produced but a rough idea of these quantities 
is given in the following ways : 

~ no formation of gas. tr, formation of a trace of gas. -f definite formation 
of gas. + + to + -f- 4- + , the formation of considerable^ to exet^ssive amounts 
of gas. The results of duplicate^ experiments an* giv(*n in Table I. 


Table I. 

Stnun 2(51 


Strum 1452 


Gliu'oso 




(llucoso 




No. 

Uaie 

Medium 

1 

2 

1 

2 

1 2 1 

2 

1 

7 11 . 34 

1 ”0 M'ittP p(*pt()np-iigar 

8 

1 

- 

__ 



2 

10 . 11 . 31 

1 % IViiito peptone- agar, 

1 Vo glucose figar 

+ 

-i- 

~ 

“ 




10. ii. 31 

1 \S itie peptone, 

1 calcium fonnate-agar 

+ 

+ 

"" 

~ 



4 

21 n. 34 

1 ) 0 .^ 

•h 

-8 

4- 

4- 



5 

3. VI. 34 

I dquid casein ( )gen -peptono 





i ' -1 1 i 1 -8 

-8 4- f 

() 

0. VI, 34 

IK). 

H i 

4 1 

4 4-- 

1 



7 

S. vi. 31 

1 % liquid W 1 I I 0 peptone 

+ 

4- 

~ 

- 

! -f tr 

tr. 

S 

10. VI. 34 

3% litiuid Willie peptone 

•8 

i 

•1 1 - 

4 i 

L “T 

-8 4- 

p 

18 vi 34 

Cascinogen-peptone-Jigar 

3 Vo Witte pej)tonp-jigar’'' 

-8 -8 

4 

4-4 : 

j -4- -h 

4 » 84 4 1 8 

4 4- -8 

10 

28. vi. 34 

— 

— 

1 8 

-t ( 

(1 - H--^ 

4 4 

11 

7. vii. 31 

I % Witte pcptoiu'-agar 

- 

tr 

f 

1 J 

-8 -- 4 -1 f 

4 + 4 

12 

17. vii 31 

(’aseinogen-peptone 
(punsa. G rubier )*agar® 

— 


4 i 

4- ! 

‘ 1-8 

4 + 4 

13 

18. vu 34 

Lujuid caseinogen-jieptone 
(puriss, Orubler) 

liquid Wit te peptone 

-f 

- 1 - 

|- 

t 

-i- 4- -14- -Ml 

+ + + 

14 

21. vii 34 

+ 

4* 


~ 

8 1 

— 

15 

21 . 111 . 34 

Liquid caseiuogen-peptone 
Caseinogen-peptione-agar 

4 - 4 - 

4- i 

-8 i -r -8 

-8 4-11- 

-+- 4- 4- 4-8 14- 

+ + + + 

16 

21. vu. 34 

- 1 - 8 

{ 4- 

8 4“ 1 

-8 4-8 

1 14- 

+ + 

17 

4.1V. :45 

Witte peptone-agar 







18 

12 h. 35 

Do.* 







19 

25. iv. 35 

Cascinogen-pepione-agar® 






, 


* This strain jwviously passed nine tmie.s throuph eidi'iurn fonurite. 

2 Strains 2(11 and 1452 had already been rultivated several tunes on easeino^'pn-pe])tone. 

* Ei^jht previous transfers on caseinoj^en-peptone puriss. 


In this connection the following remarks should be made: 

(1) All suspensions of all strains obtained by growing on easeinogon-peptone 
ferment formate with the production of gas. 

(2) With one exception (No. 12), the same suspensions also produce gas from 
glucose. In Exp. 13, strain 261, the amount of gas formed with glucose was equal 
to that formed from formate ; in all other experiments gas was produced more 
quickly and in larger quantities in the formate tulx^s than in those containing 
glucose. Since the English investigators always used caseinogen -peptone as the 
basis of their m(*dia, their results are in marked contrast to our own. Since we 
prepared our caseinogen -peptone exactly in accordance with Stiokland's recipe 
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and also since we found no essential difference between caseinogen -peptone 
prepared from crude commercial caseinogen and that prepared from very pure 
“Casein puriss. Grubler,” we are not able to explain this discrepancy. It should 
be stated that our caseinogcm -peptone was always fr(*e from reducing sugars 
(lactose or glucose) and formate. 

(3) Suspensions proj)ared with media made from Witte j)ept()ne behaved 
rather differently from those discnssed above. Th(‘ first three experiments (1,2 
and 3) with strain 201 gave the impr(\ssion that in this case we wen^ dealing with 
a strain wliicsh answered to tin; type used by 8teph(‘nson and Stickland. In 
these; experiments gas was definitely produced from glucose l)nt in very small 
quantities whilst in the case of formatt* gas was abs(‘iit. However, when this 
strain was transferred to a caschiogeri-px^ptone medium, gas was always formed 
from formate. If this strain was then transferred again to Wif te peptone-agar, 
(Exps. 10 and 11 ) it no longer showed its original properties. When these experi- 
ments were rep(‘ated on strains 8812 and 3813, which were freshly isolated from 
Witte ]>eptone, we succeeded in obtaining an equal or larger formation of gas 
from glucos(‘ than from formaU', though in the latter (“ase it was not absent 


S frail! “Stk'lvl.uui ’ 
(ilucoso 


I 


Vonuut«‘ 


1 


Table I (conf.). 


strain 1^821 


Ohn‘'»s<* Formate 

' 1 2 r 


►Strain 1^813 

rJliu'ose P’ormate 

I 2 i 


4 4 f f- 4^1- (4 4- 

(r. Ir 

a _ , j ^ 4.4 , 

- tr. J 1 -1 -i- 


f + -f 


+ + tr. 

f -f -t H -f + 

+ f 4 -i -f ^ f 


Ir 

" -j- 4 

4 4 . 4 . 4 . 4 . 4 

. + t F 


44 . 4 } 

. . F F 

F 4 I’F 4 f“f'F F 


Ft- FF 
4 4 - 4 . 4 F F 4 F F 


After alxiiit 4 Inmrs more ga.s |irodiimi from glucose than from formatre, luit at. tlie end of 24 hours equal amounts 
been produceiJ. 

Strum 3812 previou.sly Miheultured nine times and strain 3813 four times on iMseinogen-])ej>tone. 


(Exps. 17 and 18). When the same strains were subsetiuently inoculated on 
caseinogen-peptono-agar (Exp. 19), the formation of gas from formate was again 
much larger than from glucose. 

When grown on liquid Witte peptone (1 %) (Exps. 7 and 14) gas was pro- 
duced from glucose but none or at most only a trace was formed from formic 
acid. However, Exp. 10 in which a 3 % Witte peptone solution was used, showed 
a distinct difference. Fermentations carried out with this suspension agreed 
entirely with those in which caseinogen-peptone was used as the culture medium. 

Surveying the whole of the above exjieriments we came to the conclusion 
that by cultivating in or on caseinogen-peptone media we were not able to 
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obtain suspensions of B. coli free from ‘‘formic hydrogenlyase”, as should have 
been the case according to Stephenson and Stickland, although in none of these 
experiments was formate or glucose present in the media used. 

The results obtained with experiments with Witte peptone, although less 
uniform in charat'ter, di^finitely do not point in the opposite direction, 

Stephenson and Stickland showed that the decomposition of formic acid took 
place much more rapidly if the cells wore able to multiply rapidly, be it on 
account of tlie presence of peptone in the medium or at the expense of dead and 
autolysed bacteria . One might make the suggestion, therefore, that the formation 
of gas from formate in our experiments is due to the growth of the micro- 
organisms ii\ question, but since evolution of gas with formate sots in im- 
mediately in all cascinogen -peptone experiments, very often before the Einhom 
tubes could be pla(*ed in the incubator, this possibility may be disregarded. 

In 1931 one of us [Pot, 1932; 1933] isolated, in the course of routine in- 
vestigation in the bacteriological section of the late Central Laboratory, three 
strains of B. jiaratyphosus-B^ which iR'haved serologically and biochemically as 
normal paratyphosus strains except in one particular, namely, that they did 
not possess the projK^rty of forming gas from glucose. We discovered a simple 
means of restoring to such strains of paratyphosus bacilli the power of liberating 
gas from glucose and formic acid by cultivating them for a fairly long period in 
a medium containing calcium formate [Pot and Tasman, 1932 ; 1933, 1,2]. When 
gas was formed from calcium formate the power of liberating gas from glucose 
returned simultaneously. 

During this investigation a detailed quantitative study was also made of the 
fermentation of glucose [Tasman and Pot, 1934]. Without going more deeply 
into the matter, sufiice it to say that all strains encountered during the in- 
vestigation (“non-gaseous” and similar type's of B. paratyphosus made gas- 
forming by passage through calcium formate, as well as control strains of 
typhosus and B, paratyphosus) broke down glucose in essentially the same way 
but with this one diiference that typhosus and ‘‘non- gaseous” paratyphosus 
strains were unable to decomposer the formic acid formed in the fermentation 
any further, whilst normal and “non-gaseous” typi's of B. paratyphosus, which 
had been converk'd into gas-forming types, were able to bring about this 
decomposition. From these experiments it was most clearly apparent, that in 
the feimentation of glucose with growing and reproducing bacteria, the liberated 
hydrogen was completely, or practically completely, derived from the decom- 
position of formic acid produced as an intermediate (the so-called ‘Tbrmic acid 
scheme”). 

At the same time it was demonstrated that under certain conditions a very 
small proportion of the liberated hydrogen finds its origin in methylglyoxal 
hydrate, which vt'ry probabty occurs as an intermediate product in the fer- 
mentation of gluf^ose and which breaks down into pyruvic acid and hydrogen 
(the Ho-(ialled “pyruvic acid scheme”). The results appear to be in complete 
agreement with the experiments and conclusions of Scheffer [1928], who in- 
vestigated in d('tail the fermentation of glucose by various other representatives 
of the CA)li4yphosus-dysfmtericus group. 

Thus if tluTc are two enzymes, which are responsible for the formation of 
hydrogen from glucjose, our ” non-gaseous ” strains should be deficient in both. 
If they acquire formic acid hydrogenlyase by passage through calcium formate, 
then at the same time tlu'y acquire glucose hydrogenlyase. Thus we must 
assume that the formate stimulus brings about a simultaneous regulation of 
both enzymes. This is also contrary to the ideas of Karstrdm, who considers 
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glucose hydrogenlyase to be a constitutive and formic acid hydrogenlyase to 
be an adaptive enzyme. 

Still another possibility is, that only formic acid hydrogenlyase is regulated 
by the formic acid stimulus and that now the gas from glucose, contrary to 
what is usually assumed to be the case in a normal fermentation, is actually 
formed from formic acid. We must then assume that only our paratyj^hosn^ 
strains, which have been converted into gas-forming types, produce hydrogen 
in the fermentation of glucose by decomposition of formic acid and that ‘‘normal” 
paratyphosus and coli strains must follow another fermentation sc^heme in spite 
of the factthat we were able to establish numerous fe‘rmentation balances for these 
decompositions of sugar by the various strains, which failed to show any essential 
difi’erence whatciver; an assumption which certainly possesses no great degree 
of probability. 

Also Stephenson, Stiekland and Yudkin state certain facts, which are not in 
agreement with their theoretical considerations. The former investigators state 
that a suspension grow7i in easeinogen broth with formate develops hydrogen 
from formate at py^ 7*0 with the same velocity as it is developed from glucose at 

6*2: a suspension grown on formatt^free caseinogen- peptone, however, does 
not ferment formate and produces hydrogen from glucose but onl^^ at a rate 
about 15 % of that of the previous suspension. Besides they also found that the 
production of hydrog(*n from glucose was always accompanied by the formation 
of an equivalent amount of carbon dioxide. This ])oints to the formation of this 
hydrogen from formict a(dd, which is formed as an intermediate, in which case 
equal amounts of hydrogen and carbon dioxide must be produced. 

Yudkin noted that cultivation on media containing formate always increased 
the power of producing hydrogen from glucose, although not to the same degree 
as cultivation in a medium containing glucose. He can only form a picture of 
this reaction with ditliculty because, according to his ideas, the decomposition 
of formic acid into hydrogen and carbon dioxide is not a reaction from which 
the living bacterial cell can derive energy. We have shown, however [Pot and 
Tasman, 1933, 2 ; 1934], that this fission of the molecule certainly puts energy at 
the disposal of the cell, wiiich is also a plausible explanation of the fact that a 
culture of non-gas-producing bacteria always shows a large increase 

in the number of living organisms at tlie moment when it acquires the power 
of d(»eomposing formic acid. 

Thus, as a result of our experiments and theoretical considerations, we must 
first assume that the hydrogen produced in the decomposition of gluc^ose by 
growing and “resting” coU bacteria, is, in the majority of cases, the result of 
the decomposition of formic acid produced as an intermediate. Simultaneously, 
in a few cases, a small quantity of hydrogen may originate from the decom- 
position of glucose according to the ''pyruvic acid scheme ”, but the formation of 
hydrogen in this manner is mostly insignificant. 

Further, we consider it undesirable to assume the presence ot different 
enzymes. In this particular we take the standpoint of Kluyver [1931] who 
utters the strongest possible w’^aming against assuming the presence of new, so- 
called “specific”, enzymes for the various oxidation-reduction reactions or 
hydrogen activation reactions, which seem to make their appearance in the 
different decomposition reactions. 

Finally, we wish to state that in a subsequent publication we hope to elucidate 
the fermentation of glucose by “resting” coli from a quantitative standpoint 
by setting up fermentation balances. 
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SUMMAEY. 

1. On repeating the oxperinxents of Stephenson, Stickland and Yudkin, 
that is to say by growing bacilli on the same media as they used, wo have not 
been able to confirm th(‘ir results with regard to the decomposition of glucose 
and formic acid by “ resting B, coH, 

2. On the basis of these experimental results and from theoretical con- 
siderations we come to the conclusion that the formation of hydrogen from 
glucose occurs, certainly in the majority of cases, via formic acid, which is 
produced as an intermediate compound, and only under certain conditions, in a 
small proportion of cases, is it produced by other means. 
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CCVIII. THE PRODUCTION OF TRIMETHYL- 
ARSINE BY PENICILLIUM BREVICAULE 
{SCOPULARIOPSIS BREVICAULIS). 

By FBEDERICK CHALLENGER asu CONSTANCE HIGGINBOTTOM. 

From the Department of Organic Chemistry, the University, Leeds. 

(Received June 1st, 1935.) 

(^HAiXEN(iER et ol. [1933] showod that tho volatile odorous product evolved from 
bread cultures of Penkillium brevicmde containing arsfuiious acid, sodium 
metIiylar8onat(‘ or sodium cacodylate (CHglgAsO. ONa — the so- 

called (?o.sio-gas — is irimethylarsine. It was also found that when thc^ arsenical 
substrat<? contains an ethyl or heavier alkyl group attached to arsenic, as in the 
(^ase of ethylarsonic a(*id ( 2 H 5 AsO(OH) 2 , a mixed arsine, e.g. dimethylethylar- 
sine, (CHaljjAsCgH^ , is obtained. Challenger and Ellis [1935] established also the 
formation of dimethyl- R-propyb, dimethylallyl- and nudliyldiethyl-arsines using 
bread cultures containing n-propylarsonic, allylarsonic and diidhylarsinic acids 
r(‘s])ectively. 

This remarkable methylating action is not confined to arsenic. In bread or 
glucose cultures containing sodium selenate or sekunte the mould givf*s rise to 
dimethyl selenide [Challenger and North, 1934], Tho work of Rosenheim [1902] 
and of Maassen [1902] and (^xjx^rirnents of the present authors which are still in 
jirogress render it probable that the intimse odour evolved from similar cultures 
(‘ontaining potassium tellurite is due to dimetlyyl telluride. The present pa})er 
outlines certain theori(‘s which have betm put forward to account for this type of 
biological mcdliylation both by earlier workers and during informal discussions 
with our colleagues. It also descril>es experimental wT)rk wdiich has been 
designed to test them. 

Th(‘S(‘ theories fall under thrive main heads according to which the methylat- 
ing agent of tho mould may be (u) formaldehyd(‘, (h) acetic acid, (c) a free nudbyl 
group detached from, e.g., clioline. In (a) it is necessary to consider two 
possibilities (Uj) that formaldehyde arises from the breakdown of carbohydrate, 
(a 2 ) that it is formed by deamination of glycine. Th(T(* is wry little published 
evidence in favour of (Ui). Fernbach [1910] states that Tyrothrix temiis converts 
dihydroxyacetone, sucrose or starch into methylglyoxal, acetic acid and formal- 
dehyde. The latter was detected with Schiff’s reagent and isolated as its con- 
densation product with phonylhydrazine [Wellin^on and Tollens, 1885]. No 
M.p. or analysis of this derivative was recorded. 

There seem to Ix^ no other well-authenticated instances of the production of 
formaldehyde by the biological decomposition of carbohydrate and this has been 
pointed out by Emde and Hornemann [1931 ]. Emde [1929] remarks however that 
bio-methylation in plants can only be a question of secondary formaldehyde 
arising from carbohydrate, primary formaldehyde from photosynthesis being 
only available in the chloroplasts ; all other parts of the cell must emptoy 
carbohydrate breakdown products for methylation. Two criticisms may be made 

( 1757 ) 
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regarding these statements. Firstly, formaldehyde may arise from glycine by 
deaminative oxidation and secondly the production of fonnaldehyde itself is not 
essential — glyoxylic acid CHO . COOH could function equally well as a methylat- 
ing agent. The formation of traces of this acid in cultures of A. niffer on citric 
acid, malonic acid and acetates has been demonstrati^d both by Challenger ei aL 
[1927] and by Bernhauer and Scheuer [1932]. 

In Table III, p. 1770, Exps. 31-35 show that the addition of sodium formate 
with or without formalin, paraformaldehyde, hexamethylenetetramine or 
rongalite (sodium formaldehydesulphoxylate) exercises no beneficial effect on the 
yield of trimethylarsine in liquid cultures. 

The results obtained on addition of methyl alcohol are discussed on 
p. 1771. 

As regards (ag) it has been shown by Clarke el al. [1933] that dimethylglycine 
with silver oxide gives dimeth;yiamine, carbon dioxide and formaldehyde. 
Glycine itself is similarly converted into ammonia, carbon dioxide and water 
[Herbst and Clarke, 1934] and alanine yields ammonia, acetaldehyde, acetic 
acid and carbon dioxide. These results are, of course, in agreement with the 
generally accepted theory of the deamination of amino-acids as develoiKKi by 
the work of Neubauer and Fromherz [1911] and later by Krebs [1933]. Glycine 
on exposure to sunlight in aqueous solution was found by Ganassini [1912] to 
give ammonia, carbon dioxide and formaldehyde Illumination of glycine in 
nitric acid solution in presence of ferric nitrate gives carbon dioxide, formalde- 
hyde and glyoxylic acid [Benrath, 1911 ; 1912]. 

Assuming the intervention of formaldehyde as the methylating agent its 
reaction with arsenious acid might proceed by a mechanism which has been 
previously outlined [Challenger et al,, 1933] and may be briefly summarised thus : 

CHaO + HAsO(OH )2 p HOCHj. AsO(OH)a ^ CH8A80(0H)i CHsAslOlDa 

Oll'rtO tir Son 

— » CH,AbH( 0)0H — ^ HOCH, . As(CHj)0 . OH — » (CH,)jAsO . OH * (CH^SjAbO 

> (CH,),As. 

Kedlirtlon 

There is unfortunately no direct evidence in favour of this mechanism. That 
arsenious acid can react in the tautomeric form H.A80(0H)2 is well known, 
sodium arsenite and alkyl halides giving alkylarsonic acids R . AsO(OH)2 . Again 
acetaldehyde reacts with phosphorous and hypophosphorous acids giving the 
compounds CH3CHOH . PO(OH >3 and CH3CH6H . PH . O . OH as has been shown 
by Ville [1891] and by Marie [1904]. Moreover formaldehyde reacts with 
phosphine and hydrochloric acid to give (CH20H)4PCI [Hoffman, 1921 ; 1930]. 
The experimental section contains results which show clearly that P. brevicaule 
exercisers a reducing action on derivatives of quinque valent arsenic. 

Attempts to synthesise hydroxymethylarsonic acid have failed, so this 
suggested scheme has not yet been tested. j3-Hydroxyethylarsonic acid, 
llOCHg.CMgAsOgHg, which would be expected to yield ethylarsonic acid and 
then ethyldimethylarsine, is unaffected in bread cultures. 

All attempts to detect the formation of methylarsonic or cacodylic acid or 
trimethylarsine oxide in the various culture media employed in this work have 
entirely failed, although several litres of medium were examined. 

The suggestion (b) that the methyl group of the trimethylarsine is derived 
from acetic acid appears at first sight to have much to recommend it. Cadet’s 
production of dirnethylarsine oxide (CH3)2A8.0. A8(CH3)2 (cacodyl oxide) and of 
cacodyl itself by heating sodium acetate and arsenious oxide is a well-known 
reaction (for leferences and a historical account see Morgan [1917])* 
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If acetic acid be the source of the methyl group the reaction can be formulated 
in two ways : 


(1) SCHaCUOH + Au(OH)3=3CO* + 3H80 + A8(CH8)3. 

(2) COOHCHa lH +H! . A80(0H)a^2H 

Arson oace tic acid 

C00HCH3As()(0H)3=CO3 + CH3A8()(OH)3. 

Methyiarsonic acid 

Methylarsonic acid readily gives trimethyl arsine in mould cultures and a 
possible mechanism was discussed on p. 1758. 

Mechanisms (1) and (2) labour under the objection that no, or at any rate 
v€^ry few, examples of the simple decarboxylation of fatty acids to hy drocarbons 
by micro-organisms are recorded in the literature. Exceptions are the conversion 
of cinnamic acid into phenylethylene by A, niger [Herzog and Kipke, 1908] and 
the formation of methane from acetic and other aliphatic acids by various 
bacteria. 

Mechanism (2) is formulated as a dehydrogenation and appears more prob- 
able. Several exptiriments have been carried out to obtain some idea as to the 
pos.sibility of this reaction. 

Arson oace tic and arsonopropionic acids were prepared ac‘cording to the 
method of Mulder [1929]. If the biological production of trirnethylarsine from 
arsenious acid normally proceeds by scheme (2) above one would expect arsono- 
acetic acid m bread cultures of P, brtvicaule to be readily converted by way of 
methylarsonic acid into trirnethylarsine. Arsonopropionic acid 

HOOC . CHg . CH2 AsO(OH)2 

might similarly be expecU*d to yield ethylarsonic acid CH 3 CH 2 AsO(OH )2 and 
thence dimethylethylarsine [Challenger et aL, 1933]. 

In the latter case the mould was found to produce only minute quantities of 
arsenical gas which was identified as trimethydarsine. This presumably arose 
from arsenic; acid produced by^ gradual hy^drolysis of the arsonopropionic acid in 
the cultures. (This readily occurs on heating arsonopropionic. acid with water at 
110^.) Using sodium arsonoacetatc? in bread and glucose cultures and the free 
acid in bread cultures, small quantities of trirnethylarsine were detected. The 
quantities were however so small as to suggest that slight hydrolysis of the 
arsonoacetic acid had occurred. If decarboxylation and intermediate formation 
of methylarsonic acid had taken place the yield of arsine might have been 
expected to be much larger, since of all the arsenic compounds examined during 
the last four years sodium methylarsonate most readily gives arsine. It may 
therefore be concluded that these results afford no evidence in favour of the 
participation of acetic acid according to scheme (2). 

The results of these experiments are in agreement with those of Challenger 
and North [1934] who failed to obtain any dimethyl suljihide from bread cultures 
containing thiodiglycollic acid S(CH 2 COOH )2 indicating the difficulty which the 
mould experiences in decarboxylating the group -CHjCOOH. 

Further, though not conclusive, evidence against the suggestion that reaction 
(1) or (2) represents the mechanism of methylation is afforded by the fact that 
addition of sodium formate, propionate or butyrate, or of propionic or butyric 
acid to bread or glucose cultures containing arsenious oxide gav^e alway^s pure 
trirnethylarsine, identified as the dimercurichloride. Had reactions analogous to 
(1) or (2) occurred the trirnethylarsine might have been expected to be con- 
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taminated with arsine, triethylarsine and tripropylarsine respectively, or 
possibly with diinethyJethy]- and dimethyipropyharsines, e.g, 

311 .COOH +A8(0H)3=3C02 + 3H20+AflH3 
3C00H.CH(CH3)H +(OH)3Asr=3COa + 3H20 4 A8(CHaCH3)8. 

In this connection it may be mentioned that many of the early workers on the 
nature of Gosio-gas, (\g. Martin Fleck [1872J, Selmi Wolf 

[1887], suggested that it consisted of arsine. In none of our experiments, whether 
in prcisence or absence of formate, have we obtained the slightest evidence of the 
presence of this gas. Even small quantities would be readily detected by the 
formation of yellowish to brown precipitates in Biginelli’s solution, an acid 
solution of mercuric chloride employed by this worker in his researches on the 
nature of Gosio-gas [1901J. 

The interesting suggestion that a methyl group may bo deta(‘hed from a 
methylated derivative such as choline or some other ammonium base was made by 
Riesser [1913] in order to explain the assumed formation of dimethyl telluride in 
the animal body after ingestion of inorganic tellurium compounds [Holhieister, 
1894 ; Maassen, 1902]. It has however been pointed out by (’hallengiT and North 
[1934] that the identification of the odorous compound as dimethyl telluride in 
these animal experiments, i-hough probably correct, is based on entirely in- 
sufficient evidence. This does not, liowever, invalidate the importancje of Riesser’s 
suggiistion which can be applied equall^^ well to i‘xplain the biological methyl- 
ation of arsenic and selenium by moulds. Re 8tat(\s that on h(‘ating a mixtun^ of 
choline chloride or betaine, sodium tellurite and sodium formate (the latter 
acting as niducing agent) the odour of dimethyl telluride^ is produced. No 
further identification of this compound was attiunjjted. Th(‘ wide occuiTcnce of 
choline in plants has been emphasised by Schulze and Trier [1912]. 

Ricss(‘r brought forward little or no other evidence in favour of his sugg(‘stion, 
though after injecting rabbits with choline and betaine he observed some increase 
in the creatine content of the muscle. He suggested that the m<‘4hyl group of the 
creatine might be derived from the choline. His att/cmpt to 2>rov(‘ th(‘ possibility 
of this reaction by a chemical experiment was not convirudiig. 

It nevertheless appeared desirable to repc‘at and extend Riesser's (‘X|xu*iments 
on the transfer of methyl groups from choline. When anh^clious betaine was 
heated with a mixture of sodium tellurite and sodium formalin in a stream of 
carbon dioxide, dimethyl telluride was identified among the volatile products by 
absorption in benzyl chloride and conversion into dimethyl benzyltc‘liuronium 
picrate. 

in this and some other experiments betaine was used instead of choline 
chloride in order to exclude the jiossibility of the evolution of methyl chloride 
which, acting on sodium tellurite, might produce a compound (e.g, CHgTeOaNa) 
which could ]r)ossibly give rise to dimethyl telluride on iieatirig. Using betaine 
however it appears that the reaction must be due to transfer of a methyl group. 

By substituting sodium selenite for sodium t(41urite and heating with choline 
chloride or witl) betaine in a stream of carbon dioxide, dimethyl selenide was 
readily detected and characterised as the mercurichloride and the platinocliloride 
[Challenger and North, 1934]. Analogous experiments in which sodium arsenite, 
sodium formate and choline chloride were similarly heated failed to give any 
trimethylarsine, although this is very easily recognised [Challenger et aL, 1933]. 

In this connection the work of Willstatter [1902] and of Willstatto and Kahn 
[1904] should be cited. These authors showed that on heating betaine to 280® it 
undergoes isomerisation to the methyl ester of dimethylamiiioacetic acid and 
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this reaction has recently been shown by Kuhn and Giral [1935] to hold for the 
homologous f-trimethylpentadeca- and 7r-trimothylheptadeca-betaine. These 
latter authors are of the opinion that the reaction is inter- rather than intra- 
molecular. Further evidence for this is afforded by our observation that mono- 
methylaniline is produced on boiling betaine (free from hydrochloride) with 
aniline for several hours. 

Experiments in winch choline chloride was added to cultures of the mould on 
glucose or in which betaine was used as sole source of carb^>n, both in j)resence of 
arsenious oxidt% showed no beneficial effect on the yield of arsine. Nevertheless 
it is not impossible that some ingredient of the cell substance containing a 
methylated nitrogen atom, may under the special conditions obtaining in the 
cell, lose a methyl group which, if it be eliminated with a positive charge, could be 
easily coordinated by the unshared electrons of tervalcnt arsenic or of quadii- 
valeiit selenium and tellurium. 

Another jiossiblc origin of a free methyl group may be sought in the decom- 
position, possibly enzymit;, of a complex ion formed from glycine and arsenious 
acid : 

-f r OUCj . CHg . Hsi . O . Afl(OH h r^COg + N I la + CH3AsO(Oll)2. 


This suggestion may [lossibly have some bearing on the observation of 
Ackerman [1912J who showed that in the body of the dog nicotinic acid is 
methylaU*d giving ris(‘ to trigonelline, the corresponding betaine, the formation 
of whic!h is accompanied by that of nicotinuric acid. These results have been 


confij'ined by Komori et ah 
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It appears not unreasonable to assume that glycine may be concerned in the 
Ibrmation of the first as well as the second of these compounds thus : 
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It was also sho\^Ti hy Cohn [1893] that a-picolino is similarly converted by 
the dog into a-pyridinuric acid, obviously by way of picolinic acid. One would 
expcict that this change should also be accompanied by the formation of homarin, 
the corresponding methyl betaine, although this was not detected. Homarin has 
however recently been isolated by Kutscher and Ackermami [1933] from the 
muscle of Area noac. 

The results quoted above are extensions of the well-known work of His [1887] 
on the conversion of p 3 Tidine into methyl pyridinium hydroxide in the body of 
dogs. Komori et ah [1926] have confirmed this for turtles. This base has since been 
detected in the sea anemone Actinia equirux. 
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It was noticed by Hausraann [1904] that the actinia Aiptasia diaphana 
Rapp, when placed in sea-water containing 0*03 mg. of arsenious oxide per 
100 ml. evolved a garlic odour which was also noticed when this organism was 
similarly treated with very dilute sodium tellurite. Sodium selenite produced a 
mercaptan-like odour. Hausmann regarded this effect as analogous to the results 
of Gosio [1893; 1897; 1901] and Maassen [1902] with P. brevicaule. He was 
inclined to attribute it, however, to tJie bro^^ui algae (Zooxanthellen) which lived 
in s^^mbiosLs with the actinia. Under the influence of the arsenious acid most of 
these became detached from the actinia, and when se])arate(l were found still to 
be capable of producing odours with selenite and tellurite. 

The odorous compounds were not identified but it appears almost certain that 
they consisted of alkyl, and probably methyl, deriv^ati ves of arsenic, tellurium and 
selenium. 

In this connection it is of particular intert'st that a rather closely allied 
organism, Actinia equinUy contains large quantities of tetramethylammonium 
hydroxide which is believed to exorcise a paralysing ((^urare) action on the small 
fish which serve as its food. This organism also contains other highly methylated 
compounds, c.g. methylpyridiiiium hydroxide and y-but^TO betaine (actinine), 
[Ackermann et al.y 1923; 1924]. The relatcni compound trimeth^dainine oxide 
occurs in many marine animals [Hopjx'-Seyler, 1933]. 

It appears possible, assuming the actinia Aiptasia diapha^m to exercise an 
alkj^ating action on arsenic, selenium and tellurium apart from the algae with 
which it is in symbiosis, that this may be effected by the transfer of a methyl 
group from one of its nitrogenous bases to the metalloid. 

Particular interest attaches to a recent observation r>f Haas [1935] that the 
seaweed Polysiphonia fastigiata evolves dimethyl sulphide very shortly after 
being gathered. Whether this aris(‘s by the breakdown and methylation of 
cysteine or from methionine, or on the other hand is produced by methylation of 
tlie sulphur of the sulphuric esters present in s€^awe(»d |Haas and RuHsell-W(‘lls, 
1923] awaits investigation. This result recalls th(^ observation of Henze [1904] 
that the sponge? Suberites domuncola gives off an intense odour reminiscent oif 
me'reaptan. The odorous product removed in a stream of air was absorlxiil in 
sulphuric acid wit h loss of odour which reappeared on dilution of the acid with 
i(?e. Henze was unable to prove the presence of sulphur in tht^ odorous compound 
but from its behaviour with sulphuric acid it would appear very probable that he 
was dt?ajing with an alkyl sulphide. (Compare the analogous cxp(U'imental 
procedure of Pohl j 1904] and Abel [1895] for the investigation of volatile sulphur 
comj)ounds produced under biological conditions.) 

Experimental. 

The ability to produce trimethylarsine when grown on a suitable nutrient 
medium containing arsenious oxide appears to be confined to moulds, especially 
P, brevicaule, although other s^ic^cies have been shown to give the garlic odour but 
to a ver}^ inu(*h less extent. [Gosio, 1893 ; Maassen, 1902 ; Thom and Rajx?r, 1932.J 

A largo number of bacterial species have been tested by Ernmerling [1896], 
Abel and Buttenberg [1899], Maassen [1902] and Huss [1914], but in no case was 
a garlic odour detected during growth in the presence of arsenious oxide. 
Puntoni [1917] however states that B, mcsmJtcricus vulgatnSy B, mesentericua 
ruber and B. suhtilia gave garlic odours in presence of sodium cacodylate. We 
have tested one strain of each of these organisms on glucose meat extract at 37^^ 
in the presence of 0 2 % arsenious oxide, sodium arsenate, sodium methyl- 
arsonate or sodium cacodylate and obtained negative results. It sliould be 
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mentioned, however, that our strains of these three bacteria were obtained from 
the Collection of National Type Cultures at the Lister Institute whereas those 
employed by Puntoni were isolated from the faeces of patients undergoing 
treatment with sodium cacodylate/ 

B. coli comviunia and B, lactw aerogenes have also been cultivated in a series of 
six 1 litre conical flasks containing 200 ml. 2 % glucose, with 1 % peptone and 
0*025 % arsenious oxide, and the products aspirated through Biginelli’s solution. 
A similar experiment was made using a stream of nitrogen in jflace of air. Neither 
organism under either aerobic or anaerobic conditions gave any trace of tri- 
methjdarsine dimercurichloride . 

Negative results were also obtained by Emmerling [1896] and Huss [1914] 
using various yeasts. In this research Saccharomyces cerevisiae, S, carlsbergensis, 

wonaccnsis and “Basse XII were grown on beer wort or 5 % glu(!Ose- mineral 
salt solution in the preseiu't* of arsenious oxide but no arsenical odour was 
detei’tc^d. 

Gosio [1901] states that the well-wa.shed mycelium of P. brevicaule after 
growth in the presence of arsenious oxide contains arsenic. No essential ditference 
can detected in the raicroscopic appearance of the strain used in this research 
when grown on 5 % glucose-Czapek-Dox solution with or without 0*2 % 
arsenious oxide. The arsenic ctontent of tht‘ growth from 30-day cultures on 5 % 
glucose-Czaj>ek-Dox solution has also been determined. The mycelium was well 
washed with a large volume of water, until the w ashings were free from inorganic 
ars(‘nic, and dried at 100 . 6-7 g. of di*y mycelium analysed by a slight modifica- 
tion ol th(‘ method of the Sub -Committee' on arsenic determination [1930] 
eontaiut'd not more than 0-032 % arsenic. 

Experiments illustrating the reducing action of P. brevicaule, 

H yd roxytrimethylarsoniurn nitrate. Two one-litre flasks each containing 150 g. 
bread crumbs were sterilised, inoculated w^th a .spore suspension of P. brevicaule, 
incubated for 5 da> s at 30' and treated with 25 ml. of 0-8 % hydroxytrimethyl- 
arsonium nitrate, whidi liad been previously sterilised at 120'' for 20 minutes, 
giving a concentration of 0-13 % in the bread. The gases produced from the 
culture.^ w'(‘re asjnrated with sterile air through Biginelli’s solution for 95 days. 
The rt'sulting precipitate was frequently removed and fresh Bigmelli’.s solution 
placed in the absorption bottle. On the 17th da}’, 0*55 g. of white crystals (m.f. 
264 and 264 in admixture with an authentic specimen of trimethylarsine 
dimercurichloride of m.f. 265^) wf?re removed. 

Further defKisits of M.F. 263'', 264" and 263-4" were obtained after 32, 48 and 
75 days res|)ectively giving a total of 0*87 g. of trimethylarsine dimercuri- 
cbloride, a yield of 65-4 calculated on 0-4 g. of the arsonium nitratt'. 

Two similar, sterilised but ruiinoculated (control) flasks were similarly 
treated with the arsonium nitrate and the gases aspirated tlirough Biginelli's 
solution as before. No precipitate formed during the whole of the 95 days. 

Tri-rx-propylarsine oxide, Tri-w-propylarsine dibromide (kindly supplied b}" 
Prof. W. J. Jones, University College, Cardiff) was converted into the oxide by 
two successive treatments with water and excess of silver oxide followed by 
evaporation to dryness. The solid which resulted was free from halogen but very 
deliquescent. It was therefore not analysed but treated with picric acid giving 
hydroxy4ri-i\-propylarsonium picrate, (Foimd C, 40-3; H, 5*5; N, 9*6 %. 
CJisH^OaNgAs requires C, 40*1 ; H, 5*4; N, 9*4 %.) 

Four bread flasks were prepared as in the last experiment, two were inoculated 
as before, and incubated for 4 days at 30*^ and for 4 days at room temperature. 

Biochem* 1935 xxix 1 12 
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To each of the four flasks were added 25 ml. of 0*8 % tri-n-propylarsine oxide 
(sterilised in the autoclave). The products from the inoculated and control flasks 
were separately aspirated by sterile air through Biginelli’s solution for 69 days. 
No mercurichloride was obtained from the control flasks but the mould cultures 
gave after 9 and 30 days deposits (0-02 and 0*02 g.) both of m.p. 106-7^ and 107^’ 
(constant) after recrystallisation from alcohol. Yield 4*65 %. During the re- 
maining 30 days no further precipitate was obtained except a trace due to the 
gradual evolution of ammonia from the cultures. 

Tri-7i-propylarsine monomercurichloride was prepared for comparison. Tri- 
w-propylarsine dichloride m.p. 84-5-85^ (Dyke et al. |1931J give m.p. 84^') was 
reduced with arsenic-free zinc and hydrochloric acid and the resulting mixture of 
hydrogen and tripropylarsine passed into aqueous mercuric chloride giving a 
product M.p. 106-7° and lO?"" on recrystallisation as before. (Dyke et al. 
give M.p. 106° for the monomercurichloride (C 3 ll 7 ) 3 As. HgCl 2 .) In admixture with 
the mould product there was no depression of m.p. 

One of the uninoculated control flasks which had given no arsine during 74 
days was then inoculated with the mould. Growth ocjcurred at ordinary temper- 
ature and aspiration during 24 days gave 0-05 g. of tri-/i-propylarsine mono- 
merciirichlorido m.p. 106°. The yield in this cast' was 114) % as compared with 
4*65 % from two flasks in the earlier experiment. 

Uydrojrytrimeihylartirnoninm, chloride and triniethylam'me oxide. The first- 
named substance (CH3)3N(0H)C1 was pre part'd by the method of Dunstan and 
Goulding [1899] and melted constantly at 213° (d('comi>.) the ivi.p. depending 
somewhat on the rate of heating. 

It gave the picrate of const, m.p. 200° (decomp.) for which these authors give 
M.P. 196-8°; Hantzsch and Hilland [1898] give m.p. 197-8'. Treatment of the 
chloride with excess of freshly jirecipitated silver oxide in ic(‘- water, filtration 
and evaporation gave the hydrated amine oxide m.p. 79-81' on recrystallisation 
from alcohol. 

The hydroxy chloride (0*1 g. in 20 ml. sterile distilled water) was addend to a 
culture of the mould grown for 3 days at 30' on 50 g. brc'.ad and a similar quantit y 
to sterile uninoculated bread. No odour of trimethylamine was obtained after 
41 and 11 days respectively at room temperature. 

The amine oxides (0-1 g.) under similar conditions addl'd to a culture grown for 

4 days at 30° and one day at room temperature gave no odour in (‘ither culture or 
uninoculated control during 50 days. 

Sodium arsenate. Four cultures on 150 g. bread were prepared as usual and 
incubated for 10 days at 30° and 2 days at room tempt*rature. 25 ml. of 1*2 % 
sodium arsenate were added to each. After 19 and 51 days, 0*2 g. and 0-9 g. of 
mercuric'hloride m.p. 264° were obtained. On the 58th day tw^o bottles containing 
2:4-dinitrof)henylliydrazine in 2N HCl were placed in the absorption train 
followed by Biginelli’s solution as usual. No dinitrophenylhydrazone separated 
but a further deposit of 1*25 g. of mercurichloride m.p. 264'^ was obtained. Re- 
crystallisation of the united deposits gave plates m.p. 265"* not depressing tlie 
M.P. (265°) of authentic trimethylarsine dimercuricliloride. 

Salts of ^-hydroxyethylarsonic acid. The calcium salt, for which w'e are in- 
debted to the kindness of Dr H. King, was purified from traces of inorganic 
arsenic by solution in hot dilute hydrochloric acid and reprecipitation with 
ammonia, the operation being twice repeated. The sodium salt was prepared in 
1*2 % solution by boiling with sodium carbonate. No precipitate was obtained 
in the acidified sterile .solution on rapid passage of hydrogen sulphide for 

5 mmut(^s. 
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Four bread cultures in 1 litre flasks were grown for 2 days at 32° and 4 days at 
room tern|x*rature. 25 ml, of the sterile sodium salt solution were added to each 
culture and the gases aspirated through Biginelli’s solution as usual. No odour 
was detected and no precipitate obtained even after 44 days. Using similar 
cultures and comparable concentrations of (a) the original unpurified calcium 
salt and (h) the sodium salt prepared from it, one or two c;rystals formed on the 
delivery tube in (a) and a trace of trirnethylarsine dimercurichloride m.p. 262° was 
deposited in (6) after a few days, but did not increase on continuing the experi- 
ment for a total of 76 days. The slight f)Ositive result here was clearly due to the 
trace of inorganic arsenic originally j>resent. Had the mould reduced the /3- 
hydroxyl group to hydrogen the resulting ethylarsonic acid should have given 
dimethvlethvlarsine (see p. 1757). 

Effect of compounds cxmtaining the group —(CHfjn^'OOH on the 
formation of trhnethylarsine . 

In tht‘ following experiments the mould was grown on 150 g. stc'rile bread 
crumbs in four 1 litre flasks for 4 days at 30° and in (h) for one day more at room 
temperature and tix^ate^d with (in addition to the appropriate carboxylic acid or 
its salt) 25 ml. of 1*2 HcpK'ous arsenious oxide. The gaseous products were 
(jontinuously aspirated as usual through Bigiiielli’s solution which was renewed 
after removal of each deposit. 

(a) Sodium propiormte. To each culture were added 25 ml. of 6 aqueous 
sodium propionate (concentration in the bread 1 %). A mercuri chloride was 
deposited by th(^ third day and after 10, 14, 25, 38, 56 and 66 days deposits of 
() ()15, 0 07, 0*18, 0'21, 0-05 and 0*37 g. wen* oldained having M.r. 261°, 264°, 
265 \ 263 , 264-5° and 265° respc'ctivelj’. Yield 11 1 %, 

(h) Eroplonic acid. 25 ml. of 6 propionic acid were added to each of the 
four flasks and after 17, 21, 34, 47 and 60 days dt^posits of 0*02, 01 8, ()*2J, 0-16 
and 0*22 g. having m.p. 263-4 , 265", 265' , 265° and 265° resjK'ctivel^'^ were ob- 
tained; 0*79 g. in all. Yield 9*8 Trirnethylarsine dimercurichloride melts at 
265°, tri-yt-propylarsine monomennirichloride at 107° (see p. 1764). 

(c) Sodium butyrate. 25 ml. of the 6 % aqueous solution (sterilised at 120“^ for 
20 minutes) were added to each of the four flasks. The first trace of mercuri - 
chloride separated on the third day and after 10, 14, 25, 38, 56 and 66 days 
deposits of 0-05, 0*15, 0*12, 0*26, 0*05 and 0*45 g. (total l lOg. jdeld 13-7 %) were 
obtained. The m.p. varied from 264° to 265°. A further quantity of mercuri- 
chloride could probably have been obtained but the cultures had become very 
dry and, as is usual under such (drcumstances, much ammonia was evolved, so 
the (experiment was discontinued. 

Behaviour of P. brevicaule with sodium, propionate or butyrate 
as sole source of carbon. 

A small seed culture of the mould was first grown on 1 % sodium butyrate 
containing the inorganic salts of the Czapek-Dox medium employed by Raistrick 
[1931]. The growth was ix)or. 

5(M) ml. of the same medium in each of four 3-litre flasks were sterilised at 
120° for 20 minutes and inoculated with a portion of the seed ciilture. After 8 
days at 30° a thin surface growth began to form and the culture was removed to 
room temperature and to each flask 1 g. of arsenious oxide in 60 ml. water 
(final concentration 0*2 %) was added. Aspiration into Biginelli’s solution for 
25 days gave only one or two crystals on the delivery tube and there was no 

112—2 
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increase in the mould growth. Addition of 2*8 ml. hydrochloric acid in sterile 
distilled water to each flask did not assist growth or cause any more deposit to 
form during a further 24 days. 

An analogous experiment using 1 % sodium propionate but incubating for 
15 days at 30*^ gave equally unsatisfactory results after 10 days. Addition of 
3*16 ml. hydrochloric acid in 20 ml. water effected no improvement during a 
further 24 days. 

Sodium arsonoacetate. 

(а) The sodium salt of arsonoacietic acid was prepared according to the 
method of Palmer [1925] and twice recrystallised from water. In acidified 
aqueous solution it gave no precipitate on passage of hydrogen sulphide for 
10 minutes. 

To four cultures on 150 g. bread in 1 -litre conical flasks grown for 4 days at 
32® and one day at room temperature were added 25 ml. of sterile 3 % sotlium 
arsonoacetate. Final concentration 0*5 %. No odour of trimothylarsiue and no 
precipitate in Biginelli’s solution were obtained on aspiration for 33 days. 

(б) 8 cultures on 100 ml. 2 % glucose-Czapek-l)ox salt solution were grown 
for 6 days at 30® and 25 ml. sterile 4 % solution of sodium arsonoacetate added. 
Final concentration 1 %. Sterile air was passed over tht‘ cultures and through 
Biginelli’s solution. No trimothylarsiue dimercuri chloride was obtained during 
29 days. 

Arsonoaceiic acid. 

(a) To four cultures on bread crumbs grown for 3 days at 30 ' and 2 days at 
room temperature, were added 25 ml. 6 % arsonoacetic acid. Final (joneentra- 
tion 1 %. The acid was dissolved in sterile water and not itself sterilisc‘d owii^g to 
its tendency to liberate inorganic arsenic o)) heating with water. Aspiration 
through Biginelli’s solution gave in 31 days 0*04 g. Mo 3 As. 2 HgOJ 2 m.p. 263-4® 
and by the 65th day a further 0-02 g. m.p. 260®. Yield 6-27 %. 

(b) This experiment was made exactly as in {a) but with a fmal concentration 
of arsonoacetic acid of 0-5 %, 0*37 g. Me3As.2Hg(Jl2 m.p. 263--4® was obtained in 
36 days; 0-27 g. m.p. 264-5® by 5ist day and 0 03 g. m.p. 260 ' bv (iSth day. 
Yield 6*2 %. 

(r) Using cultures grown for 3 days at 30® and 10 days at room temp(‘rature 
and a fmal concentration of 0-5 % arsonoacetic acid as in (6), no trimethylarsine 
was formed in 14 days. Although these cultures were 13 days old, numerous 
other experiments have shown that the mould is still unimpaired in activity afUT 
this time. 

Arsonopropionic acid. 

Two series of four bread cultures were grown for 3 days at 30® and one day at 
room temperature. Arsonopropionic acid (.solution in sterile water) was added to 
give a final concentration 0*5 ^/q. In 50 days only a very small amount of 
precipitate (barely sufficient for the necessary m.p. determinations) was obtained 
in the Biginelli’s solution in each series and this was shown by m.p. and mixed 
M.p. to be trimethylarsine dimercurichloride and not the dimorcuriehloride of 
dimethylethyl arsme. 

Action of P. brevicaule on glycine. 

Sterile air was passed over four cultures on 300 ml. of Czapek-Dox medium 
coiitaining 2 % glycine as sole source of carbon, previously incubated for 0 days 
at 30®. Volatile products were absorbed in (a) 40 ml. of a mixture of cone. HCl 
(8 g.) and water (40 ml.) and (6) 30 ml. of Biginelli’s solution. In 24 hours tractes 
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of an amorphous finely divided precipitate formed in (6) but did not increase 
appreciably throughout the experiment. It contained no calomel. Warm, but not 
cold, NaOH caused blackening but no odour was produced. This might indicate 
the presence of traces of an alkylphosphine. The amount available was too small 
for further examination, but from a second set of cultures in which the phosphate 
content of the Czapek-Dox solution was increased from 0*1 to 0*5 % no similar 
deposit could bo obtained. 

After 28 days a strong odour of ammonia was noticed. Evaporation of the 
acid in (a) gave 0*16 g. of a non -deliquescent solid. This was converted into the 
platini chloride by evaporation of a portion with aqueous chloroplatinic acid and 
removing excess of the latter by extraction with alcohol. The residue was dried. 
(Pound Ft, 44*1 %. (NHJgPtClg requires Ft 43*96 %.) 

.\fter 22 days more the fresh acid in (a) yielded another 1*35 g. of ammonium 
chlorid(^ which was identified as before by analysis of the platinichloride. 
(Found Ft 43*8 %; calc. 43*96 %. PtCl4.2CH,jNH2HCl requires Ft 41*31 %.) 
The volatile products clearly contained no alkylamines. 

The culture medium still contained glycine, as shown by the deep blue colour 
with copper sulphate. It had about 9*0 and an ammoniacal odour. 4(K) ml. 
were' distilled, the distillate acidified and evaporated. Conversion of the residue 
into (‘liloroplatinate showed absence of alkylamine^s. (Found Ft 43*8 %; calc. 
43*96 \.) 

Distillathm of 300 ml. of the acidified culture medium indicated the absence 
of volatile fatty acids. The residue was added to the remainder of the medium, 
evaporated and a portion distilled with 80 % NaOH and any volatile matter 
absorbed in hydrochloric acid. Evaporation left only ammonium chloride. 
(Found, for the platinichloride Ft 43*9%; calc. 43*96 %.) Had any betaine 
been formed by methylation of the glycine this would have eliminated tri- 
methylamine under such treatment. 

P. brevicaule mid glycine in presence of arsenio'os oxide. 

The procedure was the same as in the last experiment except that the 
cultures were incubated for 6 days at 33° and 50 ml. of aqueous 1*2 % arsenious 
oxide (final concentration 0*2 %) were added to each culture before aeration. 
Traces of the amorphous white precipitate were obtained in the Biginelli's 
solution at the beginning of the experiment but the quantity was insufficient for 
examination. Evaporation of the hydrochloric acid after 28 days gave a trace of 
solid insufficient for analysis. Aeration was continued for 22 days longer using 
fresh al)sorption solutions (a) and (6) when traces of a mercurichloride m.p. 262"" 
and 262° in admixture with unrecrystallised trimethylarsine dimercurichloride 
(M.p. 261-2°) wore obtained. The hydrochloric acid on evaporation gave 0*13 g. 
of ammonium chloride. (Found, for the platinichloride Ft 43*6 % ; calc. 43*96 %.) 
After removal of the mycelium the medium had Pn about 8*5 and a faint am- 
moniacal odour. The distiUate obtained from 400 ml. of the medium was acidified, 
evaporated and converted into platinichloride. (Found Ft 43*85 %; calc. 
43*96 %.) The two analyses indicate that ammonia but no methylamines are 
evolved under the conditions employed. The object of the experiment was to 
determine whether cultures on glycine afforded better yields of trimethylarsine 
than the usual bread or glucose media. As this was clearly not the case, the test 
for betaine (distillation with 80 % sodium hydroxide) was omitted. 
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P. brevicaule and alanine. 

Four 1-litre flasks with 200 ml. of sterile Czapek-Dox solution containing 
2 % alanine as sole source of carbon were inoculated, incubated for 5 days 
at 30° and aerated, the volatile products being absorbed in 2 bottles con- 
taining dilute hydrochloric acid (1:5) and finally in Biginelli’s solution. No 
precipitate formed in the latter during 54 days. The mould growth was just 
submerged and there was no aerial mycelium. The dilute acid was evaporated 
and the non -deliquescent residue convert(‘d into the platinichloride. (Found 
Pt 43*94 %; calc, for (NH4)2ptCl0 Pt 43*96 %.) Two of the cultures 8*5~9*0) 
after removal of mycelium were evaporated to dryness, no ammonia being 
evolved. The solid residue (2*5 g.) was distilled with 80 % NaOH : absorption in 
hydrochloric acid and treatment as usual gave a platinichlorid(\ (Pound Pt 
43*98 %; calc. Pt 43*96 %.) Neither alkylamines nor compounds of the betaine 
type are therefore detectable when the mould is grown oti alanine. 

Action of P. brevicaule on betaine. 

Four 1 -litre flasks each containing 200 ml. of Czapek-Dox solution from whic'h 
the nitrate was omitted and which contained 1 % betaine as sole source of carbon 
were inoculated from a seed culture on the sair.e medium and incubated for 14 
days at 30°, by which time the growth was still ]»oor. The volatile produ(*ts wen* 
aspirated through dilute liydrochloric acid and Bigirudli's solution as usual. No 
deposit formed in the latter (*ven after 97 days. The acid yielded on evaporation 
1 g. of a very slightly deliquescent solid which was extracted with cold alcohol, 
the solution evaporated and the residue extracted with cold chloroform. Tlu* 
latter yielded a trace of solid giving a picrate sintt^ring a.t 210-215 and d(*(*om- 
posing from 265°. This was apparently mostly ammonium picTati* with a trat*e of 
some other substance. Trimethvlamine picrate melts at 220°. It is clear that 
betaine is not a good nutrient for the raotild. This is confirmed by tin* next 
experiment. 

Action o/P. brevicaule on betaine m presence of arsemom oxide. 

Your flasks each containing 200 ml. of the modified me^dium usc^d in th(* last 
experiment were inoculated as before and incubated for 14 da\s at 30° and 
treat(:*d with 25 ml. of 1*6 % arsenious oxide. Aeration and absorb(*nts as before*. 
Deposition of mercurichloride occurred after 11 elays but increased only very 
slowly. After 50 days one flask was removed owing to an accidental contamina- 
tion. After 53 days the^ mercurichloride (m.p. 259°) was removed and a further 
quantity (m.p. 264-5°) on the 76th day. The total amount was very small. No 
further deposit formed and the experiment was discontinued after 97 days. 

The hydrochloric acid gave only 0*25 g. of solid which appeared to be am- 
monium chloride since it was converted as before into a picrate^ which had no m.p. 

Discussion of tabulated results. 

In the experiments described in Table I all cultures of P. brevicaule were 
grown on media containing Czapek-Dox salt solution with glucose as the sole 
source of carbon. When a moderately good mycelium had begun to form, the 
arsenic compound was added, the cultures connected in series and a continuous 
stream of sterile air drawn over. The air stream together with any trimethyl- 
arsine was passed through acid mercuric chloride (Biginelli’s) solution where the 
arsine was retained as the insoluble dimercurichloride McgAs . 2HgCl2 . m.p. 265° 
(deoomp ). 
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Table r. 


J'Ap. 

No. 

Glucose 

cone. 

O' 

/O 

C.i). salt 
solution 

No. of flasks 
and vol. /flask 
ml. 

rre-incubation 
time ami 
temperature 

ASjOg 

cone. 

O/ 

/o 

Na 2 HA.s 04 , 

7 H 2 O 

cone. 

% 

(;ilaAsO(ONa)„ 

OHaO 

com*. 

0 

Duration of 
exp. 
days 

( 0113)3 As 
% yield 

1 

5 

6 

250 

1 1 days 32® 

11 days K.T. 

0-2 

— 

— 

52 

Trace 

2 

5 

4 

300 

8 liays 32® 

4 days li.T. 

O-IO 

— 

— 

59 

0-37 

3 

2 

4 

250 

3 days 32® 

0-2 

__ 

_ 

99 

0-05 

1 

o 

4 150 
(J^umice) 

3 days 32® 

0-2 

__ 

— 

71 

Tiacc 

5 

2 

1 

100 

3 days 30® 

0*2 

— 

— 

78 

04«5 

t) 

0 

H 

500 

3 (lavs 30^ 

3 days K.T. 

0-2 

- 

— 

30 

0-42 

7 

5 

() 

StK) 

7 days 30® 

(>•2 

__ 

- 

51 

0-51 

s 

15 

1 

100 

5 days 30'* 

0 2 

— 


32 

0-37 


2 

1 

2(X) 

3 (lavs 30® 

2 days U.T. 

0-2 

— 

— 

104 

1*35 

Jn 

2 

0 

2 (X) 

3 da\s 30' ‘ 

2 (lavs K.T. 

02 



90 

1*93 

II 

2 

0 

2 lX) 

1 (lays 30® 

0 2 



55 (r(‘stneted) | 
77 (continuous/- 
aeration) * 

0*08 

IJ 

2 

ti 

2{X) 

-1 days 30® 

0-2 

— 

- 

55 (restrict'd) 5 
77 (continuous! 
a(‘ration) 1 

0-02 

13 

o 

4 

21 KJ 

t> days 30® 

2 days K T. 

— 

037 

__ 

58 

0 74 

11 

4) 

S 

Kn 

1 days 30® 



I'O 

34 

0-88 

15 

2 

7 

KXJ 

\ days 30® 

— 

— 

1-0 

(i ncul.) 

05 

1-34 


Kx])s. Nos. J -12 give the yields of triinetln^larsine (eo-lculatod on added 
arsenic compound) using arsenious oxide, and Nos. 13-15 those with other 
sourcc^s of arsenics In No. 15 the sodium methylarsonatc was treated with the 
calculated amount of hydrochloric acid for half-neutralisation of the disodium 
salt. 

In p]xp. No. 4 well-washed lumps of pumiee stone were introduced into the 
medium before sterilisation so that onl> a very shallow layer of liquid remained 
unabsorbed. By this means a much greater ar(‘a of growth was exposed to the 


Table II. 


Exp. 

O.D. salt 
solution. 

I’re-incubatKJii 

AsjOa 

Fructoses 

Xylose 

Glycerol 

Ca 

acetdt' 

Na 

acetate 

Duration 

of 


No of flasks 

time and 

cone. 

cone. 

cone. 

cone. 

cone. 

cone. 

experiment (CIl 3 ) 3 As 
days % yield 

No. 

and vol. /flask 
ml. 

teinporature 

0 

/O 

O' 

/O 

O' 

/U 

0 

/O 

O' 

/o 

O' 

/O 

JO 

0 200 

0 days 30® 

3 days K.T. 

0-2 

2-0 

— 

— 

— 

— 

79 

0*87 

17 

0 200 

6 days 30® 

3 days K.T. 

0-2 

20 

— 

— 


— 

79 

0*72 

18 

4 200 

3 days 30® 

1 day R.T. 

0-2 

— 

2-0 

— 

— 

— 

56 

1-07 

19 

2 3a) 

16 days 30® 

40 days K.T. 

0'2 

— 

— 

5*0 

— 

— 

72 

Small 

amount 

20 

4 200 

7 days 30® 

39 days K.T. 

0-2 

— 

— 

— 

— 

5*0 

82 

Small 

amount 

21 

4 200 

7 days 30® 

4 days R.T. 

0*2 

— 

— 

— 

1-0 

— 

55 

Small 

amount 



Table III. 

HCHO as Dura- 

C.D.salt HCHO as paraform- HCHO as HOCHg tion of 

Glucose solution Pre-mcubation AsjOg CH 3 OH C 2 H 5 OH H.COONa formalin aldehyde CeH^^N^ OSONa of 
Exp. cone. No. of flasks time and cone. cone. cone. cone. cone* cone. cone. cone. exp. (CH 3 ) 3 As 
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air in relation to the quantity of medium UHed. Th(3 growth however was very 
thin compared with that usually obtained on a liquid surface. 

Exps. Nos. 11 and 12 W(‘re set up in the usual way, but the system was only 
aerated for 1J~3 hours per week and after 55 days a current of nitrogen was 
drawn through to drive out any accumulation of trimethylarsine in the culture 
flasks. No arsine was obtained. A continuous stream of air was then passed over 
the cultures for a further 77 days. Arsine formation began immediately and the 
yield was comparable with that obtained under normal conditions. 

All other experiments described in Tables I to IV received continuous 
aeration. The duration of the (‘xpc^riments as recorded in all these tables dates 
from the addition of the source of arsenic to the cultur(\ 

Exps. Nos, 16-21 , Table II, show the yields of trimethylarsine obtained when 
arsenious oxide was added to cultures of the mould on Czapek-Dox salt solution 
with various carbon compounds, other than glucose, as the sole source of carbon. 

The influence of various simple carbon compounds on the yield of arsines 
obtained during growth on glucose is shown in Table III. The cultures were 
grown in the usual way on glucose-Czapek-I)ox salt solution and then the carbon 
compounds added at the same time as the arsenious oxide. 

The sodium formate was sterilised in aqueous solution at 120'’ for 20 minutes; 
methyl and ethyl alcohols added directly using sterile pipettes whilst the other 
comjx)unds were not sterilised but dissolved in sterile water bidore addition to the 
cultures. All solutions containing sugars were sb^rilised in steam for 30 minutes 
on each of three succ^essive days and in all other cases, unless specifically 
mentiomd, sterilisation at 120 ' for 20 minutes was employed. 

The average yi(‘ld (Tabk' I) of arsine from arsenious oxide in cultures on 
glucose -Czapek-Dox salt solution is 0*7S % with limiting values 0*37-1 *93 %. It 
is evident that under the (‘onditions shoum in Table 111 eth^d alcohol, sodium 
formate^ and formaldehyde (as various derivatives) with or without format(‘, 
have no appr<H?iablo influence on the production of arsine. 

The average yield in the presence of methyl alcohol was somewhat higher i.e. 
T63 % although within the highest value obtained with glucose as the sole 
source of carbon. 

The ('fleet of various nitrogenous compound.s with or without gluc^ose on 
arsine formation from arsemious oxide is shown in Table IV. In Exp. No. 45 


Tabl(‘ IV. 




. salt 




WittH' 


Uetaine 

r holme 

Duration 


Exp. 

soiutmn 

I’iv»-inc‘ubation 

A.sA 

Glucose 

peptone 

Glycine 

(base) 

chloride 

of 

(CH,)3A8 

No. of fljlHks 

tiinp and 

I'onc. 

cone. 

cone. 

cone. 

c(tnc. 

cone. 

exp. 

No. 

ami vol. /flask 
ml 

temperaturo 


O' 

/o 

U/ 

,o 

% 

o 

/O 

0 

days 

^0 .vield 

36 

4 

m 

2 days 30° 

2 days R.T. 

0-2 

2-0 

lU 

- 


- 

87 

3-14 

37 

5 

2(X) 

3 days 30° 

0-2 

2-0 

10 


- 

— 

84 

7*55 

38 

0 

200 

3 days 30° 

0-2 

24) 

10 


— 

— 

77 

5‘2t) 

39 

6 

200 

3 days 30° 

0-2 

20 

l-O 


— 

— 

77 

3-52 

40 

4 

100 

4 days 30° 

0-2 

— 

1-0 


— 

— 

48 

0-74 

41 

6 

200 

2 days 30° 

2 days H.T. 

0-2 

— 

1-0 

— 

— 

— 

87 

0-34 

42 

43 

4 

200 

2 days 30° 

1 day K.T. 

0-2 

2-0 

— 

2-0 

— ~ 

— 


0*28 

4 

300 

6 day.s 30° 

0*2 

— 

— 

2-0 


— 

50 

T( ice 

44 

8 

300 

11 days 30° 

0-2 

2-0 



— 

2-0 

51 

0-34 

45 

4 

200 

14 days 30° 

0*2 




— 

1*0 


97 

Trace 


(N.-free) 
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betaine was used as the sole source of both carbon and nitrogtm but in all other 
cases the nitrate was not omitted from the Czapek-Dox salt solution. In all 
experiments the nitrogenous compound was present before inoculation - 

Although peptone alone gave a low yield, glucose and peptoiK' together gave 
by far the greatest yields of trimethylarsine obtained on a liquid medium, the 
average being 4*87 %, with limiting values 3- 14-7*55 %. This was to a certain 
extent associated with a more extcmsive growth of the mould. 

Reaction between choline, chloride, or betaine and arsenite^ 
selenite and tellurite. 

Ia. Selenite and choline chloride. An intimate mixture of anhydrous 
sodium formate (5g.), choline chloride (5 g.) iind sodium selenite ( 6 g.) was 
plac(^d in a 100 ml. round -bottom<*d flask, which was connected with an ab- 
sorption train of 3 bottles containing HCl (1:1) and 3 (containing saturatol 
aqueous HgClg. The mixtures was strongly heated on a sand-bath in a stream of 
COg and the volatile products passed through tlu^ absorption train. The af;id re- 
tained the alkaline vapours whilst a whiti^ precipitate (0*50g.) M.e. 152 (decomp.) 
formed in the mercuric^ chloride. This gave yellow m(Teuri(^ oxid(c and an odour of 
alkyl selenide on treatment with dil. NaOH. Rectrystallised from much acetone 
it formed shining crystals m.p. 155^' (decornp.) and mixed m.p. 155 with a fn^shly 
recrvstallised authentic specinun of <limethylselenide monomer(*iiri(*hloride, 
McgSe.HgClo. M.p. J55'' (decomp.). 

A portion of this product was shaken with dilute sodium hydroxide and (4her 
and the ethereal solution treated with ac^ueous potassium platinoehlorich* K 2 l^Cl 4 . 
Removal of solvent gave yc'llow crystals, m.p. 163'^ on ora* recrystallisation from 
CHCI 3 and mixed m.p. 103-4''' with authenti(i dimethylselenicle platinochloride 
(a-form) m.p, 163-4'' [Challenger and North, 1934]. 

lb. Selenite and betaine. This experiment was exactly similar to Ta exc(*pt that 
betaine (anhydrous base) replaced the choline chloride. 0*54 g. mercuriclilorido 
M.p. 150'^ (decomp.) was obtained. Recrystallisation from acetone gav(' crystals 
m.p. and mixed m.p. 155*" (decomp.). 

l c. Selenite-betaine without formate. E<|ual weights (5 g.) of sodium sedenite 
and betaine in the absence of formate* heated in a 8 tr(‘arn of carbon dioxide* gave 
2*7 g. white precipitate in the aqueous raeTcuric chk^ride. Extradion with much 
acetone gave about 2*0 g. MegSe.HgClg m.p. and mixed m.p. 154 '. The fraction 
insoluble in acetone with warm dilute sodium hydroxide gave a black precipitate*, 
soluble in potassium sulphide, and probably consish*d of the doubk* compound 
mentioncHl below (If). It se(*ms that the methylation proceeds better in the 
absence of formate*. 

ld. Selenite-tetramMylammonium. hydroxide. Equal weights (5 g. each) 

sodium selenite, tctramethylammonium hydroxide and anhydrous sodium 
formate treated in the usual way gave 0*85 g. mercuri chloride m.p. and 155'' 

on recrystallisation from acetone. 

le. Selenite and glycine. Equal weights (5 g.) of glycine, sodium selenite and 
anhydrous sodium formate were treated as in 1a. A very small quantity of a 
white solid m.p. above 270® was deposited in the mtircuric chloride. Extraction 
with acetone gave no trace of McgSe . HgClg . With sodium hydroxide in the cold 
there was no odour of alkyl selenide but alkaline^ vapours were evolved on 
wanning. Evidently no methylation of selenium occurs using glycine. 

lf. Control. 5 g. each of sodium selenite and anhydrous sodium formate*, were 
treated as before but omitting the nitrogenous compound. The white mercuri- 
chloride so obtained had no m.p. With dil. NaOH a yellow precipitate formed 



TRIMETHYLARSINB PRODUCTION BY BREVICA VLE 1 773 

which gradually became black and was then completely soluble in aqueous potas- 
sium sulphide. The white solid was probably a double compound of mercuric 
selenide and mercuric chloride. Dimethyl selenide was therefore not produced. 

lla. Tellurite and choline chloride. 5 g. each of anhydrous sodium formate and 
choline chloride with 4 g. potassium t<4hirite were treated as in the analogous 
ease with selenite. 

A trace of morcurichloride M.r. 151° (decomp.) was obtained in the absorp- 
tion flask. This compound blackened slowly with dilute ammonia and with dilute 
NaOH gave a yellow precipitate ((piickly tuniing black) and an odour of alkyl 
tellurido. The mercuri(‘hloride of climethyl telluride behaves similarly but the 
compound is diflicult to characterise owing to its insolubility. 

llb. Tellurite and betaine, lllqual weights (5 g.) of potassium tellurite, 
anhydrous sodium formate and betaine (anhydrous base) were tn^ated in an 
atmosphere of carbon dioxide as before but using a modified absorption train 
i.e. (a) 4 bottles hydrochloric acid (1:1), (6) 2 bottles alcoholic benzyl chloride, 
(r) 2 bottles Biginelli’s solution. This was repeated three times using the same 
absorption solutions (b) and (r) but changing the acid after each run. A small 
amount of mereurichloride M.e. > 270 giving an odour of McgTe with dil. NaOH 
was formed. The Ixnr/yl chloride solution w^as extracted with water, tht‘ aqueous 
extract washed with ether and th(‘n (evaporated to dryness. The solid residue with 
saturatcHl sodium picrate solution gave a picrate M.r. 117-18° on recrystallisation 
from absolute alcohol, and mix<*d m.p. 117-18° with an authentic specimen of 
benzyl(limethylt(dluronium picrate M.r. 117-18 . 

III. Arsenite and choline chloride. (> g. NaAs02 WTre heatf'd with 5 g. each 
choliiK^ (‘hloride and anhydrous sodium formate as in 1 and 11 but with Biginelli’s 
solution to replace the a(iu(H>us mercuric* chlorkh*. No Me 3 As. 2 Hg(U 2 was ob- 
tained. 

A similar experimc'nt, using powdered metallic arsenic in place of sodium 
arsiuiite, also gave a negative result, Othc^r (*x{K^riments were carried out in which 

(a) sodium arsenite (5 g.) and hetairu* (5 g.) in the absence of formate and 

(b) equal weights (5 g.) of sodium arsenite, tetramethylammonium hydroxide and 
sodium formate* were treated as b(*fore. No formation of trimethylarsine c*ould 
be detected. This result was decidedly unexpected and the possibility that both 
biological and chemical methylations of arsenic may proceed by a diflerent 
mechanism from that of selenium and tellurium must be borne in mind. In view 
of the ease witli wdiich P. brericanU' methylates both selenium and ansenic this 
sugg(5stion may appear somewhat improbabU*. 

It is, however, perhaps significant that, apart from an observation of Puntoni 
[1917] (who ascribed a garlic odour in the breath of patients taking sodium 
cacod^date to the action on this substance of intestinal organisms), there ap])ear 
to bo no well-established instances of the production of arsenical breath, whereas 
tainted breath is a well-recognised phenomenon in the case of tellurium (see 
p. 1760). 

There is a certain amount of evidence for believing that the formaldehyde 
mechanism suggested on p. 1758 for the biological methylation of arsenic, involv- 
ing a tautomeric form of arsenious acid, may not hold for selenium. Strecker 
and Daniels [1928] find that the product from the action of silver selenite, Ag 2 Se 03 , 
on ethyl iodide is identical in b.p. and optical constants with that obtained from 
selenium oxychloride, SeOCl 2 , and sodium ethoxide. They conclude therefore 
that, unlike sulphurous acid, selenious acid or its salts are not capable of tauto- 
merism to the forms H.SeOg.OH or Ag.SeOa.OAg. 
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Enzyme preparations, 

A. Press juice, P, hreincuuh was grown on C'zapek-Dox salt solution con- 
taining 2 % glucose and 1 % (Witte) peptone until a firm pcdJiele had formed, i,e, 
for 9 days at room temperature. The medium was removed and replaced with 
sterile distilled water for 16 hours and the growth again treated with water for 
5 hours. The mycelium was filtered through muslin, again washed and excess 
moisture removed in a hand press. 

To 269 g. pressed mould were added 80 g. each of sand and kii‘selguhr and the 
mixture gi’ound for 5-10 minutes in a large iron mortar. The resulting mass was 
wrapped in a wet filter-cloth (from which excess moisture had been removed in a 
hand press) and the juice expressed in two fractions, (a) up to a pressure of 
100 kg./cm.2 and {h) 100-300 kg./cm.^ The jui(*e as it formed was filtered through 
paper and collected in ice- cooled receivers. 

(а) Gave 113 ml. and (b) 55 ml. After standing 3 hours in ice-water the juices 
were examined separately as follows : 

{a) 1. 100 % juice -f- 0*4 % AsgO^. 

2. 100 % juice -f 0-4 % As20jj + 2*0 % glucose. 

3. KM) % juice + 0*4 % AsgOa + lO-O % glucose. 

% juice + 50 % phosphate bufi'er 7*0 -f 0*2 As 2O3 + 2'0 % 
glucose. 

5. 10% juice-f-90 % phosphate bufTer 7-0 -f 0 *2 */o As2O^-|-2*0 % 
glucose. 

(б) 1. 100 % juice-f 0*4 % A8203-b2 % glucose. 

2. 50% juice -h 50 % phosphate buffer 7-0 + 0-2 As2()3-f 2*0 

glucose. 

3. 10 % juice + 90 % phosphate buffer pj, 7*0 + 0*2 % As2O3 + 2*0 % 

glucose. 

No odour of trimethylarsine was detected during three days nor was any 
stain obtained on filter-paper soaked in aqueous Hgl^Jg and suspimded above 
the liquid, indicating the absence of hydrogen arsenide. 

B. Acetone-dried mycelium, F, brevicaule was grown on Czap(‘k-Dox salt 
solution containing 2 % glucose for 2 days at 30" and 1 1 days at room temper- 
ature. The mycelium was allowed to stand over tap-water for 5 hours, filtered 
through muslin, washed with water and excess moisture remove;d in a hand press. 

The pressed mass (l(X)g.) was immediately added to 600 ml. acetone, well 
stirred for 10 minutes, filtered quickly, again treated with acetone (300 ml.) for 
2 minutes, filtered and finally well stirred with 100 ml. ether. After removal of 
ether by filtration the j)roduct was dried at 40 for 24 hours and the resulting 
mass (25 g.) well ground before use. 

The enzyme preparation in concentrations 0125, 0-25, 0*5, 10, 2*0, 5 0 and 
10-0 % was added to phosphate buffer solution 7-0 together with 0*2 % 

AsgOg and 2 % glucose. Similar tests were made at 6*0 and pjj 8-0 with con- 
centrations of enzyme preparation 0-125 to 2*0 %; also at 7*0 with 2 % 
enzyme preparation and 5 and 10 % glucose instead of the usual 2 %. 

In no (jase was an odour of trimethylarsine detected during 9 days at room 
tempcjrature. 

A further test was done on a larger scale. To each of four 1 -litre conical flasks 
containing 2 % glucose in 200 ml. phosphate buffer solution pjj 7*0, were added 
25 ml. 1*6 % AsgOg (final cone. 0*2 %) and 2 g. enzyme preparation (final cone. 
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1 %). The flasks were connected in series and a continuous stream of sterile air 
was drawn over and through Biginelli’s solution. No traceof McgAs . 2 HgCl 2 formed 
during 18 days* aeration at room tempc^rature. This acetone-dried preparation 
nevertheless contained active enzymes since the tests after 48 hours gave an 
immediate precipitate with 2:4-dinitrophenylhydrazine. This was not given in 
absence of the enzyme pn^paration or by an acpieous extract of the latter. 

C. Berkef eld filtrate . Two cultures of P. brevirauU on 2 % glucose in 200 ml. 
Czapek-Dox salt solution were grown for 3 days at SO"" and 4 days at room 
temperature. The medium was filtered through a Berkefeld candle, and the 
filtrate (shown to be sterile) tested immediately as follows : 

(a) 50 ml. filtrate -f 0*2 % AsoO^. 

(b) 25 ml. filtrate' 4- 25 ml. phosphate buffer solution containing 2 % glucose 

+ 0*2 % AsA. 

(c) 10 ml. filtrate + 40 ml. phosphate buffer solution (‘ontaining 2 % glucose 

+ 0-2 % AsA. 

(d) 5 ml. filtrate + 45 ml. phosj)hat(i buffer solution containing 2 ‘/'o glucose 

+ 0-2 % AsA. 

Tests (5), (c) and (d) were made with buffer solutions fi-O, 7*0 and 

8*0. No odour of arsine was detected in any test during 8 days at room 
temperature. 

A further series of experiments was made using a concentrated filtrate 
prepared from similar eultun^s grown for 3 days at 30“ and 7 days at room 
temperature. The Berkt'feld filtrate' was concentrated at 40-45“ under reduced 
pressure, to 1 volume and used immt'diately as follows: 

(a) 25 ml. cone, filtrate + 0*2 AsA‘ 

(b) 25 ml. cone, filtrate + 25 ml. phosphate buffer solution pji 7-0 containing 

2 \ glucose + 0*2 % AsA* 

(c) 10 ml. cone. filtrat<* + 40 ml. ])hosphatt‘ buff(‘r solution 7*0 containing 

2 % glucose + 0*2 AsoOj. 

No odour of arsiiu' \N'as dt‘tected in an^^ experinu'iit during 18 days at room 
temp<'rature. 

(’uxcnrsioxs. 

The exjK'rimental results so far obtaint'd do not enable any definite conclusion 
to be reached regarding the mechanism of biological nu'thylation eithc'r by 
moulds or in the animal body. Bearing in mind the complexity of the problem 
this is hardly surjmsing. Of the three mechanisms suggested on p. 1757 namely 
participation of (a) formaldehyde, (6) acetic acid, (r) a free nu'thyl group detached 
from a more complex molecule, there' apjx*ars to be a certain amount of evidence 
against (6). This is indicated by the experiments witli arsonoacctic', arsonopro- 
pionic and thiodigly collie acids and those in which fatty acids or their sodium 
salts were added to bread culture's in presence of arsenious acid. Tt should be 
remem bt'red however that whereas decarboxylation of arsonoacetic acid might 
be expected (by analogy with malonic acid) to be easy the same does not ne(*es- 
sarily follow in the case of arsonopropionic and arson o butyric acids where the 
acidi(5 groups are further apart. That the formation of trimethylarsine from 
arsonoacetic acid by P, brevicaule occurs with much difficulty and sometimes not 
at all is certainly hard to reconcile with mechanism (6). The non -production of 
dimethylethylaraine from arsonopropionic acid is not necesvsarily such strong 
evidence against the acetic acid theory. The suggestion that, w hatever its origin, 
formaldehyde (or glyoxylic acid) is the methylating agent allow^s the formation of 
trimethylarsine to be represented by a relatively simple, and from a chemical 
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point of view unobjectionable, scheme. The difficulty experienced in the syn- 
thesis of hydrox 5 nnethylarsomc acid HOCHg* has so far prevented the 

application of a possible crucial test, since this compound in mould cultures should 
undergo reduction to methylarsonic acid and mcthjdation to trimethylarsine. 

An attempt to test the capacity of P. brevicaule to effect the reduction of 
a —CHgOH group to — CH 3 was made by growing the mould on a 2 % glucose 
Czapek-Dox solution containing hydroxymethylphos phonic acid or its mono- 
sodium salt H 0 CH 2 .P 0 ( 0 H )2 [Page, 1912]. No conveTsion either into a volatile 
phosphine or into methylphosphonic acid could be dtmionstrated, although a 
method for the separation of this acid from the hydroxymethyl compound was 
devised. 

The work of Ackermann [1912] and of C\)hn [1893] on the behaviour of 
pyridinecarboxyhc acids in the dog suggests the }>arti(upation of glycine and of a 
methyl group according to the scheme outlined on p. 1761 . For the elimination of 
methyl from a methylated nitrogen compound, either free' or forming part of a 
larger molecule, there is again no conclusive evidence. The widespread occurrence 
of methylated bases free or combined in animal, and especially fish, tissue and the 
methylating (see however p. 1760) a(*tion ex('rcist*d by many sucli tissues on 
sodium tellurite |Hofmeister, 1894] render this hy])othesis (r) distinctly attrac- 
tive. Chemical evidence shows that this elimination may occur (p. 1760). 

The results described in the pn'sent communication and those of Maassen 
[1902] and of Smith and Cameron [1933] indic^ate that it is either impossiblt* or at 
any rate difficult to obtain active enzyme preparations i'rom the mould. Hof- 
meister and Maassen showed that whereas the intact, minted or crushed tissue 
of the livt^r of dogs and esi>ecially the lungs and testicles of dogs and the ti^sticles 
of fishes readily convert inorganic compounds of selenium and tellurium into 
odorous substances, presumably (see p. 1760) dimethyl selenide and dimethyl 
ti'lluridc‘, attempts to obtain an active pres.s juice from the organs failed. 
Exposure of the tissues to low temperatures had no harmful effect on tlu^ activity, 
but heating at 40-50'^ or treatment with acids, alkalis, c^oncentrated salt solutions 
or alcohol destroyed it at once. The methylating process is therefore presumably 
enzymic, but owing to their failure to obtain active preparations after sej)aration 
from the tissue both Maassen and Hofmeister concluded that it was definit<*ly 
bound up with the life of the cell. 

The authors thank the Royal Society, the Department of Scientific and 
Industrial Research and Messrs Imperial Chemical Industries Ltd, for grants. 

Addendum. 

During the discussion of a commiiiucation by Dr Haas (see p. J 7b2) at the Oxford meeting? of the 
Biochemical Society in May 1935 it was 8uggest<'d by Mr G. A. B. Hank* wood that the production 
of dimethyl sulphide from seawecid might possibly depend on the elimination of a methyl group 
from the quaternary carbon atom in the molecule of a sterol. 

Such elimination of alkyl groups from quaternary carbon atoms is known to occur during 
dehydrogenation of sesquiterpenes [Ruzicka and Stoll, l\)ii2; 1923 1 and sterol derivatives [Diels 
and Gadke, 1927) by sulphur or selenium, and if the female hormone foUicuHn be regarded as 
arising from cholesterol this elimination must also be effected in the animal body. It is possible 
however that in nature this occurs by oxidation to carboxyl and loss of carbon dioxide especially 
since the hexahydrobenzene nucleus to which the methyl group in question is attached in the 
cholesterol molecule, appears as a benzene ring in foUiculin. 

The suggestion of Mr Haslewood is however extremely interesting and may give rise to further 
experimental work since sterols are constituents of mould mycelium. 
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CCIX. STUDIES ON CAROTENOIDS^. 

I. THE CAROTENOIDS OF DIOSPYROS FRUITS. 

II. THE CAROTENOIDS OF ARBUTUS FRUITS 
(ARBUTUS UNEDO). 

By KARL SCHOK. 

From the. Lahoratorio de Quirrdca-Fisica e. Quirnica biologica 
Universidade de Coimbra, PoriugaL 

(Mecewed May 20th, 1935.) 

L THE CAROTENOIDS OF DIOSPYROS FRUITS. 

The plants of Diospyros are cultivated in Portugal and Spain in numerous 
varieties, the fruits of which are very difficult to distinguish . It is desirable to 
investigate their carotenoid content because of their significance in nutrition. 

Karrer et al. [1932] hav(5 isolated lycopin and zeaxanthin from the fruits of 
Diospyros Kaki. 

We are indtdited to Prof. Dr Carisso, director of the Botanical Garden of 
Coimbra for a quantity of fruits of Diospyros costata wdiich were collected in an 
immature state from one tree in November 1934 and kept till maturity in a 
room at 2(P. 

The fruits were dried with alcohol, which extracted a small quantity of 
yellow water-soluble colouring matter, and the carotenoids were then totally 
extracted with a mixture of light petroleum and acetone. When shaken with 
liglit petroleum and alcohol (90 %) the pigment passes entirely into the upper 
laj^er, indicating the absence of free xanthophylLs*^. After saponification, how- 
ever, the greater part of the pigment passes into the lower layer. 

The colouring matters contained in the iipj>er layer were adsorbed from a 
solution in light jitdroleum on to activated aluminium oxide in the ajiparatus 
recently described by Winterstein and Sehon [1934J. The developed chromato- 
gram showed foiu* distinct zones, from which we isolated cryptoxanthin, 
lycopene and /3-carotene in the crystalline state and dot(*rmined the presence 
of a- carotene by spectroscopy. The cryptoxanthin, which still contained a small 
quantity of lycopene, was separated from the latter by a second adsorption. 

In the chromatographic analysis of the xanthophyll fraction by moans of 
calcium carbonate a broad yellow uniform zone develops, which fills the greater 
part of the column and consists of zeaxanthin. The highest part of the column 
contains a very small zone of intensive yellow colouring distinctly different from 
that of zeaxanthin. From this zone we have isolated a small amount of a 
xanthophyll which forms yellow-brown stellate groups of crystals. The spectrum, 
the reaction with hydrochloric acid (blue coloration with 25 % HCl) and the 
behaviour on adsorption, show that it consists of violaxanthin, 

^ In this paper wo publish results of our studies on the Carotenoids of Portuguese plants, 
which were carried out under the direction of the Pireetor of the Institute, Prof. Pr A. de Morais 
8armento. 

* As cryptoxanthin accompanies the hydrocarbons at this stage in the upper layer, we cannot 
decide as to the state of this xanthophyll in the fruit. 

Biochem. 1935 xxix ( 1779 ) 113 
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Ifc is noteworthy that the main part of the vitamin A activity of Diospyros 
fruits depends on the presenct^ of cryptoxanthin, which forms 70 % of the 
"‘hydrocarbon fraction/' whilst carotene is only present in small amount. An 
analogous case is reported by Kuhn and Grundmann [1934, IJ with regard to 
yellow maize. 

An interesting fact in regard to the biogenesis oi* the carotenoids of Diospyros 
fruits is that more than 90 % of the pigment, i.v. zeaxaiithin, cryptoxanthin and 
jS-carotene, belongs to the same steric group [Kuhn and (Trundmann, 1934, 2J, 
whilst a- carotene, l^^copene and violaxanthin — the struc?ture of the latter being 
still uncertain — form only a smalhT part. Zechmeisk^r and Cholnoky [1934] 
made similar observations on the colouring matters of the pimento. 

E XPERIM E NT AL . 

Isolation of the carotenoids of the fruits of Diospyros costata. 

15 kg. of tlie ripe fruits were crushed by hand and placed in 5 litres of aleoliol 
for 2 days. Tlu' voluminous mass was then strongly jiressed, the alcohol running 
out almost uncoloured. The residin' was dried ami extracted witli 3 litres of 
ai*etone and 5 litres of light pc'troleum, and the a(‘f'tono rt'moved by washing 
with water. The solution was then waslu'd 5 times with alcohol (80 %) whitdi 
did not remove tlie colouring matter from the light jietroloum. The tx'troleum 
solution was then concentrated in vacuo at 50'' to a volume of 200 ml., the 
solution separated by filtration from sevoral resinous products and saponific'd 
by adding 500 ml. of ether and the same volume of 5 % metl\vl alcoholic KOH, 
keeping the liquid for 2 days und(^r an atmosfihere ol‘ nitrogiai. After saponifi- 
cation 1*5 litres of ether and then 3 litres of water were add(‘d, and the solution 
was washed free from methyl alcohol and alkali and then evaporated m vacuo. 
The residue was dissolved in 1 litre of light petroleum, and the xanthophylls were 
extracted from this solution by agitating several tinu's with a total volume of 
fiOO ml. of alcohol (90 %). The light petroleum solution, containing the hydro- 
carbons and cryptoxanthin, was dried with sodium sulphate and kcjit in an 
ice-box for 2 days. After this time the colourless material whic h had separated 
was filtered off. 

The alcoholic solution, containing the xanthophylls, w as mixed with 1*5 litres 
of light petroleum and the xanthophylls were driven into the latU'r by pouring 
in very carefully a large quantity of wati'r. The aqueous layer w^as extracted with 
a further 1-5 litres of light petroleum, the latter washed with water, dried with 
sodium suljihate and kept in the ice-box for several days in the course of which 
colourless material separated out. 

Chromatogra2}hic analysis . 

(a) liydrocAirbons. The concentrated solution of the hydroc^arbons was 
diluted to a volume of 3 litres and then adsorbed on to activated aluminium 
oxide. After total adsorption of the colouring matkrs, the column was washed 
with a large quantity of light petroleum. Four distinct zones developed: 

First absorption 
band in light 
petroleum (B.r. 80^) 


miM 

1. Red' brown very sharp zone 484 

2. Red, narrow, very sharp zone oOO 

H. Orange, more diffuse zone 484 

4. Yellow, very narrow and diffuse zone 479 
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The filtrate contained little colouring matter with the same bands as the fourth 
zone. 

The third and fourth zones were eluted with light petroleum containing 
1 % of methyl alcohol — the solution was added to the coloured part of the 
filtrate and then adsorbed a second time on to activated aluminium oxide. By 
washing with light petroleum two distinct zones were obtained, an orange one of 
j3-carotene in the higher part and a narrow yellow one of a- carotene in the lower 
part of the column. We did not succeed in obtaining the a-(iarotene in the pun^ 
crystalline state, its quantity being vc^ry small. The zone of the /3-caroteno was 
eluted and the solution coneentratcMl in vacuo to 10 ml. After keeping the 
concentrate several hours in the ice-box, colourless material sf*parated and was 
filtered off. The solution was then kept for 2 days in the ice-box after which 
time' ^-carotene crystals wen* observed in addition to many colourl(\ss crystals. 
The precipitate was boiled sev<Tal times with methyl alcohol to remove the 
impurities and the carotene was then recrystallised from a mixture of benzene 
and methyl alcohol (1 : 2); m.p. 180' (uneorr. in evacuated tube). Absorption 
bands: in CSg 51 9,485 ; in light ]M*troleum (b.p. 80 ) 484,452 /w/z. 

The sec(jnd zoru' of the chromatogram containing lycopene was eluted and 
the solution conc(‘ntrated in vacuo to 7 ml. After remaining 2 da^^s in the ice- 
box, crystals of lyco])ene had separat(id along with (‘olourless material. The 
precipitab^ was filtered off, washed on the filter with a little cold light petroleum 
and boiled three times with methyl alcohol. After recrystallisation from a 
mixture of benzene-methyl alcohol (1:1), the lycopene was pure. Absorption 
bands: in C82 548,508,57G/a/i: in light petroleum: 500,474 mp,. 

The first zone of the chromatogram, containing cryptoxantliiu, was eluted 
and th<i solution evaporated in vacuo. The re.sidue was dissolved m 200 ml. of 
ether t<» which was added th(‘ same volume of a concentrated solution of KOH 
in methyl alcohol, and the mixture was kept for 3 days, being heated to So"" 
lor 4 hours at the end of this period. The subsecpient distribution of the pigment 
between light petroleum and methyl alcohol (90 'J^^) showed that no pigment 
had passed into tlu^ lower layer, this being the t^ase with 95 % methyl al(?ohol 
as described by Kuhn and Grundmann [1933] for crypto xanth in. A second 
chromatographic* adsorption was then made and yielded a small amount of 
lyco])ene. The cryptoxantliiu was adsorbed on to the activated aluminium 
oxide forming a narrow red zon(% above which was a broader slightly- coloured 
zone, which showed the same absorption bands. The middle zone wus eluted and 
the solution evaporated in vacuo. On keeping the residue in the ice-box, it 
solidified. It was then boiled 3 times with methyl alcohol, which dissolved a 
large part of the colourless material, and the residue was dissolved in 5 ml. of 
hot benzene. On adding 10 ml. of methyl alcohol to the hot solution a large 
part of the colourless iuatt3rial was precipitated and was filtered off. The filtrate 
was evaporated, dissolved in hot benzene and the same volume of methyl 
alcohol added. After being kept in the ice-box for 2 days, 50 mg. of crypto- 
xanthin crystallised out. The crystals were boiled with methyl alcohol and twice 
crystallised from benzene -methyl alcohol (1:1). 35 mg. of pure cryptoxantliiu 
were obtained; m.p. 166 -‘ 167 ‘^ (uneorr. in ev^acuated tube). Absorption bands, in 
OS2 51 8,484,455 m/x; in chloroform 495,405 wp.. 

(6) Xanthophylls, The fraction containing the xanth ophyUs was adsorbed 
from solution in 3 litres of light petroleum on to (‘alcium carbonate. On washing 
with the solvent a large uniform yellow zone developed, which filled the greater 
part of the column and was limited above by a small deep yellow zone. This latter 
was eluted with methyl alcohol, the liquid evaporated in vacuo and the residue 

113—2 
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boilod several times with light petroleum. The xanthophyll was then crystallised 
from a little methyl alcohol. About 1 mg. of yellow brown needles was obtained. 
Absorption bands in alcohol, 476,445in./i; in CSg- 502,472m/A. In ethereal 
solution a strong blue colour developed with 25 % HCl, whilst acid of 19*5 % 
gave no reaction. We believe therefore, that this xanthophyll is identical with 
violaxanthin. 

The middle zone was eluted with methyl alcohol and concentrated to a small 
volume. On adding the same volume of light petroleum, zeaxanthin crystallised 
out; this was purified by recrystallisation from methyl alcohol. It forms long 
yellow leaflets in the shape of swallow-tails; m.p. 210° (uncorr. in evacuated 
tube). Absorption bands in light petroleum 482,453^/^; in CS 2 519,483m/x; in 
alcohol 483,452 


Colorimetric determination of the pigment. 

In 15 kg. of fresh fruit (1-1 kg. of dry substance) we have found the following 


quantities: «.Caroteno .’>•4 mg. 

jS-Carotone 15 ,, 

Lycopene 5 „ 

Cryptoxanthiii 75 

Zeaxanthin 180 „ 


The author wishes to express his acknowledgments to Dr Mendon^a of the 
Botanical Institute of the University of Coimbra for supplying the fruits. 


IL THE CAROTENOIDS OF ARBUTUS FRUITS 
{ARBUTUS UNEDO). 

The arbutus is generally cultivated in the Mediterranean countries, its fruits 
serving both for food and for the preparation of aromatic drinks. 

The exterior of the fruit is covered with red cicatrices, which contain an 
anthocyanin. This may be extracted with alcohol; on the addition of sodium 
hydroxide the red solution turns to blue-green; with ferric chloride a deep blue 
colour develops, which after some time turns to violet and then becomes pale. 

The flesh of the fruit is coloured yellow by carotenoids, which after drying 
may be extracted with light petroleum and ether. When the pigment is shaken 
w^ith light j)etroleum and alcohol (90 %) the latter remains uneoloured, indicating 
the absence of free xanthophylls. After saponification with alcoholic potash, 
however, the greater part of the pigment passes into the alcoholic layer. 

Chromatographic analysis of the pigment has shown the presence of diverse 
carotenoids. The petroleum layer, containing the hydrocarbons and the xantho- 
phylls with only one hydroxyl group, gives after adsorption five zones. The 
uppermost zone, possessing, after elution, only undefined absorption bands, 
consists of oxidation products. From the second distinct zone *we were able to 
isolate cryptoxanthin in the pure crystalline state. The third very narrow zone 
contained lycopene, which, however, we could not isolate in the crystalline state 
because of its extremely small quantity and because of the great amount of 
uncoloured contaminants. The last two zones contained j8- and a-carotene, from 
which we were able to isolate j3-carotene in the pure crystalline state, the 
quantity of the a-isomeride being very low. 

The xanthophyll fraction, which represents about 80% of the total pig- 
ment, proved in the chromatographic analysis to be almost pure violaxanthin. 
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In addition to violaxanthin we isolated a very small quantity of crystallised 
xanthophyll, which represents a mixture of zeaxanthin with a little lutein. 

Violaxanthin in general occtirs in appreciable quantities only in certain 
flowers, whilst its content in fruits is very meagre. It is therefore surprising to 
note that it forms the greatest part of the jiigment of arbutus fruits. Its isolation 
presents no difhculty and for this reason arbutus fruits are a convenient source 
of violaxanthin, although they contain it only in relatively small quantities. 

Kuhn and Winterstein [1931] record for Violaxanthin a M.r. of 199-199*5 '' 
(corr.), while Karrer and Morf [1931] found it 8=^ high(?r. Our purest preparations 
had M.p. 203° (corr. in an evacuated tube). 

Experimental. 

25 kg. of the ripe fruits were crushed by hand and kept for 1 day in 25 litres 
of acetone (70%). The mass which had an acid reaction was previously neutra- 
lised with potassium carbonate. The acetone, which contained the greatest part 
of the anthocyanin, was pressed out and the residue (5 kg.) kept in alcohol 
(95 %) for 1 day, the rest of the anthocyanin and a little carotenoid passing into 
solution. The pressed and dried residue (4 kg.) was then extracted in several 
portions with a total of 10 litres of light petroleum and then with 10 litres of 
other. The solutions w^ere concentrated in vacuo at 40-50° to 200 ml., and filtered 
from a colourless precipitate; the filtrate was then agitated twice with alcohol 
(^9%) and twice with alcohol (90%). At this stage the colouring matter re- 
mained in the uj)per layer. The solution was then evaporated in vacuo, the 
residue dissolved in 2(K) ml. of ether and this solution saponified by adding the 
same volume of 5% methyl alcoholic KOH and keeping under an atmosphere 
of nitrogen for 1 day. After adding 200 ml. of light petroleum 50 ml. of water, 
were added, the saponified xanthophylls passing into the alcoholic layer. The 
upper layer was again shaken four times with 70 ml. of methyl alcohol (80%), 
the various methyl alcoholic solutions being shaken once with 50 ml. of light 
petroleum. 

The ether-light petroleum solution was carefully washed with water to avoid 
emulsification until no longer alkaline and then evaporated in vacuo. The residue 
was dissolved in 2 litres of light petroleum and this solution served for chromato- 
graphic analysis. 

The chromatographic analysis by means of activated aluminium oxide showed 
the following zones after washing with 3 litres of light petroleum. 

Absorption bands 
in light 

petroleum {myi) 

1. Narrow red zone — 

2. Broa<l sharp yellow‘-red zone 480,447 

3. Narrow sharp violet-red zone 504,472 

4. Broad orange zone 48,3.452 

5. Yellow zone not distinct 473,442 

The filtrate was coloured yellow with a little a-carotene. 

The colorimetric determination of the fractions gave the following result 
(25 kg. of fresh fruits). 

1 . Cryptoxanthin 102 mg. 

2. Lycopene 5 „ 

3. j3-Can)tone 60 „ 

4. tt-Carotene 12 

(Violaxanthin ... ... oa. 800 „)‘ 


Oxidation products 

Cryptoxanthin 

Lycopene 

jS- Carotene 

a-Caroteiie 
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Cryptoxanthin. The zone containing cryptoxanthin was eluted with light 
petroleum containing 1 % of methyl alcohol and saponified a second time with 
concentrated methyl alcoholic KOH for 3 days, at the end of which it was heated 
for 4 hours to 40"^. It was then washed with water to remove alcohol and alkali, 
the solution dried over sodium sulphate and the chromatographic analysis made 
a second time by means of activated aluminium oxide, a small quantity of lyco- 
pene being separated. After elution the solution was evaporated. The resinous 
residue crystallised in the course of 1 day when kept in the ice-box. It was boiled 
in small portions with a total of 150 ml. of m('thyl alcohol and dissolved in 
3~4 ml. of benzene and to the hot solution were added 15 ml. of methyl alcohol. 
After some time, cryptoxanthin crystallised in characteristic six-sided leaflets. 
It was recrystallised twice from a benzene-methyl alcohol mixture (1:1) and then 
had M.p. 169^^ (uncorr. in evacuated tube). Absorption bands ^ : in light petroleum 
483,452 rw/x; in CS^ 518,458 m/x. 

^‘Carotene, The zones containing the carotenes, after elution, were united, 
washed with water, dried and separated a second time. Th(» upjx^r uniform zone 
contained ^-carotene. It was eluted, agitated fiv(‘ times with methyl alcohol 
(90%), evaporated and kept in the ice-box. After some time, carotene crystal- 
lised in addition to colourless matter. The carotene was boiled several times with 
methyl alcohol, to remove the impurities and then recrystallised from a mixtures 
of benzene and methyl alcohol (1:1). 5 mg. of pure product wi‘re obtained. 
M.p. 177'^ (uncorr. in evacuated tube). Absorption bands in CSg 520,485 w/x; 
in light petroleum (b.p. 80®) 483,452m/a. 

XanthophylU. The alkaline methyl alcoholic solutions containing the xantho- 
phylls were diluted with water and extracted with ethc^r. The etlu^real solution 
was evaporated and the residue dissolved in a little chloroform. To this solution, 
containing about 800 mg. of xanthophyll, light petroleum was added until a 
permanent opacity was produced, and the mixture was th(‘n kept in th(' ice-box. 
After 1 day 450 mg. of xanthophyll had crystallised out. The part which remaiiK^d 
in solution could be extracted with methyl alcohol (90%). On diluting with 
water an oily precipitate was formed, which could not be crystallised. 

The crystalline xanthophyll — ^giving a deep blue colour with strong hydro- 
chloric acid — was dissolved in 150 ml. of benzt‘ne and th(' solutioji diluted wu*th 
450 ml. of light petroleum and adsorbed on a column of calcium carbojiatti. A 
broad imiform yellow zone developed below which appeared a narrow orange- 
j ellow zone. The upper zone was eluted with methyl alcohol and the solution 
concentrated in vacuo to 150 ml. and kept in the ice-box. After 1 day yellow 
crystals had separated, which were filtf'red off. To the filtrate water was added 
\intil a permanent opacity resulted. After being kept for a further day in the 
ice-box, a second fraction of crystals resulted. Afttjr recrystallisatjon from CSg 
the two fractions gave identical preparations of pure violaxanthin. m.p. 203"* 
(corr. in evacuatc?d tube). The xanthophyll gave the colour reactions with 
acetic acid, picric acid etc. as described by Kuhn and Win ter stein. Absorption 
bands in CSg 501,4fi9wi/x; in chloroform 482,451 w/x; in alcohol 41 2^442 nip.. 

The lower zone was eluted with ether and concentrated to a small volume. 
After the addition of 5 ml. methyl alcohol 20 mg. of xanthophyll cr^^stallised. 
It was recrystallised from methyl alcohol, depositing 12 mg. of long oblique 
leaflets, i>robably consisting of a mixture of zeaxanthin with a little lutein, in 
which the former predominates; M.P. 201-202® (uncorr. in evacuated tube). 
The product darkened slightly at 196®. Absorption bands in CSg 514,479m/x; 

1 All speotrosco]>ic measurements were made with a Hilger prism spectroscope and a copper 
sulphate-ammonia filter. 
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in chloroform 490,459 m/x. The reaction with strong hydrochloric acid was 
negative. 

The author wishes to expn^ss his acknowledgments to Prof. E. P, Basto, 
Director of the Chemical Institute of the University of Coimbra for the use of a 
spectroscope. 
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Most of the compounds of the sterol group form stable unimolecular films when 
spread on a water surface. As with the long-chain aliphatic substances, the two 
principal stabilising forces for such films are (a) the anchorage to the water 
afforded by the strong attraction perpendicular to the surface between the 
water-soluble or “polar'’ groups and the underlying water, and (6) the lateral 
adhesion between the molecules of the film, which is largely, but not wholly, 
due to the hydrocarbon part of the molecules. In the great majority of cas(‘s, 
surface films of sterols are of the “coherent’' type, i.e, they show a very small 
surface vapour pressure, or tendency of the molecules to es(*ape along the 
surface to form a film of the gaseous or vapour type. 



Sterols containing a single hydroxyl group in the position occupied by that 
in cholesterol, i.e. at 3 on the modern formula, frequently form very incom- 
pressible films with areas per molecule near to 40 sq. A. This has been shown 
by Leathes [1923], Adam [1928], Knight [1928], Adam and Kosenheim [1929], 
Fosbinder [1933], and Danielli and Adam [1934]. In such films there is little 
doubt that the molecuies are standing very closely packed and perpendicular 
(or very nearly perpendicular) to the surface, the hydroxyl groups at 3 being 
at the lowest point of the molecules. Measurements on models show that the 
area of cross-section of a sterol ring system perpendicular to its longest axis is 
of this order of magnitude : moreover, in the vertical position it is the carbon 
atom at 3 which is at the lowest point of the molecule, hence as the water- 
attracting group always attempts to approach the water as closely as possible, 
a vertical position is more probable with a soluble group at position 3 than at 
any other. If the molecules are vertical, a low compressibility is to be expected, 
as no r(»duction of area can be obtained by altering the tilt of the molecules to 
the surface. Slight differences in area have been found between various sterols 

( 1786 ) 
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giving this type of film [Knight, 1928; Adam and Rosenheim, 1929]; the nature 
of these will l)e discussed further in this paper. 

There are numerous cases, however, where sterols or their derivatives with 
a single hydroxyl or other water-soluble group at position 3 give a film of much 
greater area than 40 sq. A. ; such films always have a very much gr(*ater com- 
pressibility than the type just described. ''-Coprostene-S-one (‘‘choleste- 
none’’) [Adam and Rosenheim, 1929, p. 27] and the various irradiation products 
of ergosterol [Rosenheim and Adam, 1929; Danielli and Adam, 1934] are well 
known cases of this. Such films are coherent and have a small surface vapour 
pressure. There is little doubt that the molecules are considerably tilted to the 
vertical, especiallj^ at low compressions; the tilt is reduced on lateral com- 
pression with a corresponding decrease in area, this giving to the film its high 
compressibility. Temperature variation has little, if any, effect on the area in 
these cases. 

When the water-soluble groups are in other positions, in other rings than 
ring 1, areas (‘onsiderably larger than 40 sq. A. have always been obtained, the 
com])ressibility being also high. It may be difficult to distinguish such films 
from those substances with polar groups at 3, which give films with tilted 
molecules; they are usually coherent films. 

In a few (‘ases, where there are two or more water-attracting groups, situated 
far apart in the molecaile, so that the molecules might be expected to lie flat in 
the surface, films of the gaseous type have been found; such include a few 
substances of the oestrin grouj) [Adam et al., 1932 ; Danielli et aLy 1933]. 

It was .shown by L<^athes [1923] and later in more detail by Adam [1928] 
that cholesterol molecules present in a film of an aliphatic substance which 
normally forms ‘'liquid expanded’' films, have a strong tendency to reduce 
these films to the condensed state. This is probably due to the bulky, vertically 
orientated molecules of cholesterol obstructing the oscillatory motions of the 
hydi’ocarbon chains which are the cause of the “liquid expanded ' state of the 
films. This obstructive effect is evidence of the rigidity of the greater part 
of the cholestt^rol molecules, a property necessitated by their constitutional 
formulae. 

The present 8 tud 3 " of about thirty substances has been undertaken in order 
to survey more completely" the various types of films obtainable from these 
substances, in the hope that surface film experimimts, which are comparatively 
easy and rapid to carry out, may*^ afford assistance in elucidating the structure 
of now members of the group, or in ascertaining rapidly w"hether any compound 
contains the sterol type of skeleton or not. 

Methods. 

The surface pressure has been measured by the instrument of Adam and 
Jessop [1926], as described by Adam [1930]. The surface potential, i.e, the 
change in contact potential between the water and air caused by the presence 
of the surface film, was measured by the now well-knowm technique of using an 
insulated metal wire, coimected with an electrometer, the lower end of the wire 
being coated with a small amount of polonium and being supported about 1 mm. 
above the water surface. A valve electrometer was used to measure the poten- 
tials, exactly as described by Harding and Adam [1933]. In order to compare 
the surface potentials for equal numbers of molecules per sq. cm. of the film, 
the quantity /x given by Helmholtz’s equation 

AF »=*47rW/x 
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(A resurface potential in millivolts, n the number of molecules per sq. cm. in 
the film) has been calculated and is shown in the figures. 

In all cases where collapse or imperfect spreading of the film was suspected, 
with consequent rendering of the measurement of the area per molecule de- 
ceptive, the films were examined with a high power dark ground illuminator 
fixed in the bottom of the trough and focus(*d on the surface, accoi*ding to the 
method of Zoc^her and Stiebel [1930], the details being as described by Adam 
[1932]. A fully spread film appears dark, but (jollapsed film or unspread material 
appears as bright pat(jhes. 

The substances were dissolved in carefully purified benzene, or, in a few 
cases, in a benzene-alcohol mixture (5:2 by volume) and the amounts placed 
on the surface measured by a micrometer syringes [Trovan, 1925]; occasionally 
a calibrated dropping pipette was used. Th('y were sj)read, except where other- 
wise stated, on N /«50 HO at room temperature. 

Models of the molecules were frequently made to obtain a clear picture of 
their probabk' size, shape and orientation on the surface. They were constructed 
of spheres of hard wood, those for carbon and oxygen Lx'ing 1*5 in. diameter 
and bored with 4 holes arranged tetrahedrally ; hydrogens were rejuesented by 
1-in. diameter spheres. This gives a scale of approx. 1 in. to 1 A. Short ])egs 
permitting the spheres to touch each other were always used. 

Experience with such models of substances of known constitution indicates 
that the molecules in surface films practicall 3 ^ never ])ac;k into areas smaller 
than the smallest rectangular figunvs required to surround the models ; also that 
in the surface films there is always a strong tendency for the mok'cultis to orit'iit 
so that the water-attracting groups are at, or very near to, the lowest point of 
the molecfules as indicatt^d by the models. Considerably larger aieas than those 
indicated b^^ models packed in this way are not uncommon among aliphatic 
compounds, but with the sterols they are not often found, excei)t through 
tilting, which is also indicated by a high compressibility of the films. Such 
models are often very useful in deciding between possible constitutions; they 
show, for instance, that the modern formula for the st(?rols is comj)atible with 
the area of about 40 sq. A., but that the older formula would requirt* at least 
54 sq. A. in any orientation with the hydroxyl group near the water. Measure- 
ments on the models can be trusted to give the minimum area wliich the 
molecules can occupy within 10 % . 

The figures show the areas per molecule as abscissae, and as ordinates the 
surface pressure F, in dynes per cm., the surface potential AF in millivolts, 
and ya in e.s.ij. x 10“^^ 

New^rjasults and discussion. 

Sterols with a hydroxyl group in position 3, Fig. 1 shows the data for 6 sterols 
with the above constitution. The surface pressure curves are generally similar 
but th(‘ limiting areas vary from 37*5 to 44 sq. A., the compressibilities being 
small. The epi-isomerides tend to occupy slightly more space on the surface 
than the normal form, though the differences in area at a given surface pressure 
are not great. There are, however, very marked difierences in surface potential 
between tiie different sterols, the ep^'-isomerides having a much smaller surface 
potential than the normal; while the difference between the normal and the 
cpi-forms is much greater in cholestanol than in ooprostanol. 

The above data are in good accord with the now generally accepted theory 
that the difference between the cholestanol and the ooprostanol series lies in 
the steric arrangement of the linkage between rings I and II, well summarised 
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Fip. I. I. KrgoHt<‘r<»l. IF. CMu)lestane-3-ol. II F. ‘•-(''holesteiK'-II-ol ((hoieHiorol). 
IV. r;><Cholc‘HtaiK*-II-ol. V. Coprustaiie-II-ol (coprusterol). VI. < /)?(’oprostan(*‘JI-ol. 



Diagram II. I. Chole8tane'3*ol. II. ep<Cholestane*3-ol. 
III. Coprostane-3-ol. IV. cpfCoprostane-3-ol. 
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by Rosenheim and King [1934, 3] and Ruzicka et al, [1933, 1, 2]. Constructing 
models with the linkages between rings II and III, and between III and IV of 
the trans type, but the linkage between I and II cis for coprostanol and trans 
for cholestanol (the ring I being of the ‘"chair’’ configuration with cholestanol 
and “boat-shaped” with coprostanol), diagrammatically represented as above 
(Diagram II), we have the following data for the models: 

Cholestanol Coprostanol 

Horizontal cross-section of minimum enclosing 36 sq. A. 40 sq. A. 

rectangular parallelepiiied 

These area measurements on the models are uncertain to about 2 sq. A., and 
there is a considerably greater uncertainty in comparing them with the areas 
actually measured in the films, the molecules may not pack exactly into the 
area of the enclosing rectangular figure. They do indicate, however, that even 
with fully saturated sterols, the difference in stereochemical linkage between 
rings I and II is likely to cause the (coprostanol films to occupy an area decidedly 
greater than the cholestanol. The smaller area occupied by ergosterol, and by 
one or two of the other unsaturated sterols reported by Adam and Rosenheim 
[1929], may be due eitluer to the presence of unsaturated linkages in th(‘ mole- 
cules, or, less probably, to closer packing through some degreti of interlocking 
of the projecting hydrogen atoms. 

The large differences in the surface potential and /x are probably due to 
diflfer(mces in the orientation of the dipoles present in the hydroxyl groups. 
The relation of /jl to the dipole moment of the molecules in the film has been 
much discussed [cf. Frumkin and Williams, 1929; Schulman and Rideal, 1931; 
Adam and Harding, 1932; Adam ef al., 1934] without a full interpretation being 
yet possible. If fL is the dipole moment of the film molecule, and 6 the inclination 
of its axis to the vertical, then cos 6, 

i.e. for a given value of the dipole moment, fx depends on the angle of tilt of 
the axis of the dipole and on K, the dielectric constant of the surface film. The 
magnitude of the “dielectric constant” of the surface film is very uncertain; 
there is some evidence, however, that it does not change much ev(m with quite 
large changes in packing of the films, and it will be assumed that K is practically 
the same for all these very similar films. 

Examination of models of cholestanol and coprostanol shows that in both 
these compounds, of the two carbon valencies available for the — C — O — 
linkage, one is nearly parallel to the long axis of the molecule, and the other 
makes approximately a right angle with the axis (109^ from the first; un- 
fortunately, owing to some flexibility in this ring, a closer definition of these 
angles does not appt^ar to be possible). The difference between the normal and 
the cpi-forms of these compounds is supposed to be due to the hydroxyl being 
attached to one or other of these two valencies (the principal qualitative differ- 
ence between the normal and the epi-forms of the sterols being that the latter 
do not form insoluble compounds with digitonin [v. Rosenheim and King, 
1934, 1, 2J). This is in agreement with the observed facts that the e^^-derivatives 
of cholestanol and coprostanol give very small values of surface potential and /x, 
if we assume that in the normal derivatives the — C — 0 — link of the hydroxyl 
is attached to the valency which is approximately in linf3 with the axis of the 
molecule, and hence will have a maximum, or nearly maximum, vertical com- 
ponent when the molecule is vertical, and in the e^i-derivatives to the other 
valencjT^, which, being almost at right angles to the molecule, would have only 
a small vertical component when the molecule is upright. The negative values 
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of AF and fi observed for e^^icholestanol suggest that when molecules of this 
compound are upright in the surface film the dipole is inclined upwards, i.e. 
the negative end is uppermost. Observation of models of this compound show 
that the — C — 0 — link can actually have a small upward angle. 

For the reasons explained above, these arguments can at present only be 
qualitative, but if they hold, they afibrd confirmation of the hypothesis, based 
on the non-precipitability of these substances by digitonin, that the early irradia- 
tion products of ergosterol have their hydroxyls epimerised [Rosenheim and 
King, 1934,2]; for example, the value of AF falls from about 400 mv. for 
ergosteirol to about 200 mv. for lumisterol, the first product of irradiation, this 
change being accompanied by only a small change in area [Danielli and Adam, 
1934]. 

Ketones with one carbonyl group at 3, Fig. 2 shows the data for some com- 
pounds of this type. In general the surface pressure-area curves tend to con- 
siderably larger areas than those for the corresponding 3 -hydro^- compounds, 
and the films are much mon^ compressible. The surface potentials and values 
of p are also considerably greater, and the values of p tend constant values 
as the area is diminished. 



Fig. 2. 3-Keto-oompounds. I. Cholestanc-3-one. 11. Coprostane-Ji-one. III. ^-Copro8terie-3‘One 
(“cholcstenone"). IV. Oxime of “choIcHtenone.” V. “Cholestenone'’ on 0*1% neutra 
KMnO^ solution. 


Cholestane-3-one, the ketone corresponding to cholestane-3-ol (cholestanol) 
and ejptchole8tane-3-ol, occupies an area a few sq. A. larger than either of these 
compounds. The molecule is thus probably slightly tilted at low compressions, 
being brought upright as the pressure is increased. 

As in the hydroxyl compounds there is an increase in area corresponding 
to the more bulky ci^-linking of rings I and II in passing from the ketone derived 
from oholestane to that derived from coprostane, but with the ketones the 
difference is much more marked, coprostane-3-one occupying some 6—8 sq. A. 
more than cholestane*3-one. 

The unsaturated compound A^‘*®-copro8tene-3-one (formerly called chole- 
stenone) occupies still larger areas, reaching 69 sq. A. at zero compression, and 
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the value of fx rises to 900 x 10' 21 b.s.tj. The large area occupied by this com- 
pound was observed by Adam and Rosenheim [1929], who further foimd that 
the area occui)ied by the corresponding oxime was much smaller, as shown in 
Fig. 2. The increase in the minimum area of the molecule, as measured on models, 
caused by the cz«s-linkage of rings 1 and 11 is insufficient in itself to account for 
the large areas shown by these ketones: the limiting area observed in the film 
(59 sq. A. for coprostenone) is nearly 50% greater than the minimum area 
required by the models (about 40 sq. A.). That this increase in area is almost 
certainly du() to a tilt of the molecrdes is shown by the following experiments 
(Fig. 3). Mixtures of coprostenone (“cholestenone”) and cholesterol in known 
proportions were spread on a water surface, and the areas occupied by the copro- 
stemone molecules calculated from the experimental figures, assuming that the 
cholesterol occupied the same areas in these films as when in a film alone. From 
the curves in Fig. 3 it is seen that the area occupied by coprostenone in such 
mixtures is considerably reduced, and that in the 1 : 1 mixture, under 15 dynes 
per cm. pressure, its area is similar to that of cholesterol itself, indicating that 
in these films the coprostenone molecule is being ludd upright by the upright 
cholestool molecules, and hence that in the films of coy)rostenone alone the 
large areas are due to tilt of the molecules. The surface potentials of thc^se mixed 
films are plotted against the mean area x)er molecule, of futhcT* kind, and an* 
much closer to th(‘ suiface potential of coprostenone itself than to that of 
cholesterol ; the meaning of this is, however, not easy to see. 


%u 
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Fig. Chole»sterol- coprostenone mixed films. I. Cholesterol. 11. Coprostenone. 

111. Mixed films, ratio IV. Mixed films, ratio —,--=3. 

ol ol 


The reason why the ketones should be so much tilted remains to be explained. 
If the carbonyl group is not in line with the axis of the molecule (as a first 
approximation one would expect it to be attached at an angle midway between 
those of the — 0—0 — links of coprostanol and epfcoprostanol since it is attached 
by both these valencies, i.e. making an angle approaching 45° with the axis of 
the molecule), this may account for some of the increase in area, since under 
zero compression one would expect the molecules to orient themselves with the 
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dipole vertical. On this view, however, the molecules should be brought upright 
as the pressure is increased and the dipoles tilted ; the valu(\s of fi do not support 
this, since they tend to give constant values on compression. Oth<.*r observed 
fa(;ts in connection with coprostenone for which explanation is at present 
lacking are the reversion of the oxim«‘ to a (jomparatively small area and the 
observation that on solutions of ntmtral KMn 04 this compound again shows 
a diminished area (tending to 50 sq. A. on 0-02%, to 51 sq. A. on 0*1 % and 
0-5%, Fig. 2). 

Monohydroxy- and monolci' to -compounds hai'ing the polar groups in positions 
0 or 7, The data are given in Fig. 4 for choIestancNO-ol, '-coprostene-7-ol 
('‘^-cholesterol’'), and (;hol(!stane-6-one. The surhice press area curve of 
cholestane-O-oI shows soim* resemblance to those of the 3- hydro -\y- compounds 
d(\scribed abov(% but the film occupies a larger area and is considerably more com- 
pressible. Mod(4s of this compound show that h('re the hydroxyl group can only 
be in contact with the water surface if the molecule is considerably tilted, and 
the limiting area giv(m by such models, 48 sq. A., is in good agrt^ement with the 
('xpcrimentally found limiting ar(‘a of about 50 sq. A. The values of AT and p 
are lower than for the 3-hydroxy-coinpounds in wlii(4i the dipole is nearly 



perpendicular, and the value* of p diminishes on compression ; these data suggest 
that the hydre^xyl group is inclined to the surface even under low compressions 
and is tilted still further as the molecules are crowded together. Variation of 
temperature has a slight effect on the areas occupied by the films of this com- 
pound, the limiting area Ixung increased b}^ about 1*5 sq. A., when the tem- 
perature of the underlying solution was raised from 17° to 30°, and decreased 
by a similar amount by cooling to 3°. Experiments were also carried out, similar 
to those described above in connection with coprostenone, in which mixtures of 
cholostane-6-ol and cholesterol were spread on a surface. In this case however, 
in contrast to the behaviour of coprostenone, cholestane-6-ol retained its normal 
area in the mixed fflms. This is to be expected, since, though the larger area is 
again due to a tilt of the molecule, the tilt in this case is due to the water- 
attracting group being attached in a position removed from the end of the 
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molecule, and to bring the molecules upright the hydroxyl group would have 
to be removed from the water. 

The corresponding keto-compound, cholestane-d-one, occupies a much larger 
area at low compressions than the hydroxyl compound, and is much more com- 
pressible. Collapse at constant pressure occurs at about 16 dynes per cm. and 
42 sq. A. The larger area and compressibility of the keto-compound compared 
with the corresponding alcohol is a similar effect to that observed above with 
the 3-substituted compounds. Here the compressibility is much higher, however, 
and the value of /z, unlike that of the 3-keto-compounds, falls as the compression 
rises. Models of this compound show that, tilted wdth the keto-group oriented 
nearly vertically, the compouml would occupy about 60 sq. A., and that tilting 
the molecule, still keeping the keto-group in contacit with the surface, will allow 
this area to be reduced to approximately 50 sq. A. ; further reduction of area 
could only be obtained by partial removal of the keto-group from contact with 
the surface. This accounts qualitatively for the high compressibility of the film, 
and also for the fall in ix which takes place on compression, since^ the keto-group 
is tilted to make a larger angle with the vertical. 

'^^-Coprostene-T-ol (‘‘(/r-cholesterol”) gives a surface pressure-area curve 
quite different from those of any of the hydroxy-compounds previously dis- 
cussed. The area at 0*5 dyne per cm. pressure is about 80 sq. A., and the film 
is extremely compressible; above 80 sq. A. the curve falls off' gradually to about 
0-02 dyne per cm. at 120 sq. A. Over this latter region, the fluctuations in A V 
over the surface become much larger, of the order of 50 mv. In mixed films 
with cholf'sterol, the area of this compound was only slightly diminished, and 
the compressibility almost unaffected, indicating that, as with cholestane-6-ol, 
if the molecuk'S are tilted, the tilt is not one which can be overcome by me- 
chanical support from other molecules. The area under 0*5 dyne occupied by 
this coprostene-7-ol is dependent to some extent on temperature, being decreased 
by about 10 sq. A. by a 15"^ fall of temperature, but there was no significant 
change in the form of the curve either on warming to 45” or cooling to 3°, 

The cholestancj ring system with the anchorage to the water at 7 must lie 
with the long axis of the molecule practically horizontal ; the ring system may be 
on edge; or fiat. The side-chain may be stretched out flat or be perpendicular 
to the surface or be oscillating, as with the “expanded’’ films of aliphatic 
compounds. The models give an area for the flat ring-system with fully extended 
chain of about 130 sq. A. We think it very unlikely, however, that many of the 
molecxiles are in this position even at the lowest pressures, since previous ex- 
perience with many other types of molecules, some of which (e.gr. apocholic acid 
below) w^ould have more lati;ral adhesion when flat than ^-cholesterol, shows that 
such molecules lying flat always give gaseous films; the film shows cohesion of 
a rather curious type, Ixeing heterogeneous according to the surface potential 
measurements above 80 sq. A., but yet falling in surface pressure from 0*5 to 
0*02 dyne between 80 and 120 sq. A. We suggest that the films consist of aggre- 
gates of the ring systi'ms adhering together, standing on edge with the long axis 
horizontal, and the chains oscillating in much the same way as they do in liquid 
expandtjd films. The cohesion is thus due to the adhering ring-systems, supple- 
mented by th(; adlu'sion between the oscillating chains [v. Langmuir, 1933]. 

Dihydroxy-cojnpourids and their acetates. Fig. 5 shows the data for the iso- 
meric a- and ^-diols, whose structure [Rosenheim and Starling, 1933] is probably 
A*^ ^‘-cholestene-3:4-diol, the difference between the two compoimds being 
probably due to one of the hydroxyls, most probably that in position 4, being 
normal in one isomeride and epi in the other. 
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a-Diol and its 3-acetatc give identical surface pressure-area curves ; the sur- 
face potential curves are similar, but that of the acetate is about 25 mv. higher. 
The film of j8-diol occupies a larger area, is much more compressible and has a 
lower surface potential. Its 3 : 4-diacetate occupies a much larger area than the 
diol and has a considerably higher surface potential . 






Dihyclroxy-oompouTuls and their acetates. 1. X' '’-(’holesteiie-3:4-dic>l (a-djol). 

Jl. 3-Acetat<‘ of a'diol. 1 II. A ’ ‘'-C’hoIestene-3:4-diol (jS-diol). IV. 3: 1-Diacetate of ^-diol. 

Models show that, in order to bring both the hydroxyl groups to the lowest 
point- of the raoleenle, dith^rent degrees of tilt are requin^d with the four possible 
stereoisomcrides of 3:4-diol. With the centres of the oxygen atoms in the same 
horizontal plant*, the areas of the rectangles enc^losing the tilted molecules are 
ap})roximately as follows: 



Hydroxyl 3 

Hydroxyl 4 

Areas of tilted 
molcc.uleB 

(.sq. A.) 

{a) 

Normal 

Normal 

48-5 

(M 

Normal 

E pi 

ai. 00 

(0 

Kpi 

Normal 

r > 0-6 

(</) 

Kpi 

Epi 

51 


Configuration (a) is the smallest, (c) and (d) slightly larger, and (6) much larger, 
the tilt being larger, the greater the art^a given above — tht* area of all these 
models packed vertically being under 40 sq. A. The observed areas are less 
than these, hence the molecules do not tilt to tht* extreme angle at which the 
centres of the oxygen atoms are in the same horizontal plane, but there is about 
the difference in area required on the supposition that the a-diol has configura- 
tion (tt) and the j8-diol has (6). Further, the hydroxyl at 3 projects laterally if 
f’pi and continues the general line of the molecule if normah so the fact that the 
3-monoacetate of a-diol has exactly the same area as the diol indicates that 
the 3-hydroxyl is normal. In the j8-diol the epthydroxyl at 4 projects sideways, 
so that the acetate occupies a considerably lai’ger area than the diol. The 
surface pressure results agree with the configuration (a) for the a-diol and ip) for 
the jS-diol. 

Biochem. 19.36 
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Trihydroxy -compounds and thair acetates. Data for the following com- 
pounds are given in Fig. 6: cholestane-3 : 5 : 6-triol (‘'a-cholestanetrior’), 
chole8tane-3 : 5 : 6-triol-3-acetate, choleatane-3 : 5 : 6-triol-3 : 6-diacetate and ‘ ‘ jS- 
ergostadienetriol ’ ’ . 

The surface pressure-area curve for the parent oholestanetriol shows a 
limiting area for this substance of about 56 sq. A. A rather smaller value for 
this substance was given by Adam and Rosenheim [1929]; the present value 
was obtained with thi’ce sj)ecimens spread from Ixaizene solution (other, variable 
values were obtained if benzene-alcohol mixtiin^s w(Te used as the solvent; the 
reason for this is probably that the substance, having three hydroxyl groups, 
is near the limit of insolubility requii*ed by the surface pressure t('chnique, and 
part of the solute tends to be (tarried Ik^ow tlie surfae(» when a solv(‘nt partially 
miscible with water is used. Using benzene as a solvent, there is little chance 
of this occurring, and the value given is probably eorn'ct). 



Fij;. (k Trihydroxy- CO 111 pounds and their acetates. I. (’h(»leNtanc-:{:.):C)-trioL li. Cholostane- 

5 : 6>triol-3-acctate. Til. Cholestane-;5 : 5 ; h-triol-;^ : h-diacctatc. J V. “ jS-Krgostadjciu'triol ”, 

Measurement of a model of this compound shows that two of the hydroxyls, 
those on carbon atoms 3 and 6, can readily rt*ach the water surfatJt^ if the 
molecmle is tilted to about 45"’ from the vertical, the main plane of th(* molecules 
remaining a})proximately at right angles to the surface; in this position the area 
occupied is approximately 52 sq. A. To enable the third hydroxyl, that on 
carbon atom 5, to reach the waU?r surface, the plane of the molecule must be 
tilted as well, the area then occupied being larger, about 66 s(j. A. The limiting 
area observed, 56 sq. A., for the parent triol suggests that in this compound 
only the hydroxyls on 3 and 6 actually reach the surface. This is on the assump- 
tion that the, hydroxyl on 6 is in the more favourable of the two possible positions, 
that in whi^di it is approximately in the plane of the molecule; if it wore in the 
alternative position, a much larger limiting area would be required. It is difficult 
to explain the very small surface potential shown by this compound ; the possible 
explanation that might be advanced, that the hydroxyls are so arranged that 
their moments approximately cancel one another, does not appear to hold, since 
examination of a model sliows that the resultant of the — C — 0 — linkages, at any 
rate, should have a moment of the same order of magnitude as that of one such 
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linkage; the explanation of this difficulty may li(‘ in the unknown orientation 
of the hydroxyls round the — C — O — linkage. 

The acetates of this triol, like the acetate of ^-diol described above, give 
surface pressure curves having much larger limiting areas and compressibilities 
than the parent triol. Two factors probably contributing to this change are 
(a) the extra space taken up by the acetyl groups themselves, (b) the known 
weakening (effect of acetylation on th<? water -attracting powcn' of a hydroxyl 
group. In the fnonoacetate, which is acetylaterl in the 3-position, the weakening 
of th(^ attraction of the 3-gi*oup for water may cause the molecule to tilt ovi^r 
to enable the 5-hydroxyl to reach the wat(‘r; this would account for th(' limiting 
area observed, about 07 sq. A. The dia(;etate, in which the 3 : 6-hydroxyls are 
acetylated, gives a film which is prac^ticallv of the gaseous type, in which the 
molecule is jirobably lying flat on the surface. In these two aeetylated com- 
pounds, the surface potentials and values of /m are much larg(U’ than for the 
parent triol, a fact similar to that observed with the diacetate of /3-diol. The 
value of fx decreases (;onsiderably on compression, indicating that considerable 
tilt of the molecules takes place on compression. 

The data for "'j3-orgostaditmetrioF’ are also givf^n in Fig. 6. This is also (;on- 
sidered to be a 3:5:6-triol [Rosenheim and King, 1934,2; Windaus ri/., 1934J. 
The position here is (complicated by the presfcmce of the double* bonds, but it 
does not appear, from the small value of the limiting ar(*a, that the molecule 
can be held in the surface by hydroxyls at 3 and 6. That the arrangement of 
the hydroxyls is different from that obtaining in cholestane triol is also shown 
by the very much larger value of the surfacce potential. A possible, though 
admittedly^ very tentative, explanation would lie in the sugg(*stion that whilst 
the compound is a 3:5:6-triol, the 6-hydroxyl is in the c^/-position to that 
assunu'd in cholestatu*trioL In this case it would, like the 5-h,ydroxy^J, project 
sideways, but in the opposite^ direction. The fields of these two hydroxyls being 
thus to some extent opx)()sed, tin* molecule would probably be more ready to 
assume positions in which only the 3-hydi’Oxyl actually r(‘aehes the water. The 
value of fji offers some support for this, in that it is of the same order as that- of 
compounds containing a single hydroxyl orientated vertically. 

Diketones. Two diketon(.*s of the chol(?sfane series aie shown in F’ig. 7, 
cholestane-3:6-dione, and ‘’-cholestene-3 : 6-dione (‘'oxycholestenone "). 

(.'holestane-3:6-dione (Fig. 7) shows a similar surface pressure curve to 
cholestane-6-one (Fig. 4), but the areas occupied are some 6 sq, A. larger. In 
connection with the 6 -keto- compound it was shown tliat the area and com- 
pressibility could be accounted for if the molecule tilts from a position in which 
the keto-group is nearly upright to one in which the molecule is as nearly upright 
as is consistent with the koto-group remaining attached to the water. Similar 
considerations hold in the case of the 3 : 6-diketo-compound, if we make the 
reasonable assumption that the second keto-group tends to keep the moleciik^ 
rather more firmly attached to the surface, and since the 6-keto-group is tilted 
away from the vertical, as the 3-keto-group is tilted towards the vertical, we 
can account for the comparatively'- small change in fx. 

The corresponding unsaturatc^d compound, A** '^-cholestene-3 : 6-dione gives 
rather similar surface pressure and surface potential curves, except- in that they 
correspond to areas some 10 sq, A. larger; the surface pressure curve of the 
cholestenedione is not unlike that of 7-8ubstituted compounds, where the long 
axis of the molecule is lying extended along the surface. This behaviour of the 
unsaturated compared with the saturated ketone is to some extent parallel 
with that of the S-keto-compounds (Fig. 2). 


114—2 
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Compounds ivith two or three different groups, at 3, 5, 6 or 7. Data for five 
compounds are shown in Fig. 8. Cho]estane-3-ol-6-one gives a surface pressure 
curve, I, intermediate between that of eholestane-3-ol and cholostamNb-one, 
Its acetate, curve II, occupies a decidedly larger area, the molecailes being more 



Fig. 8. Coinpouncia with two or more different water-attracting group.s. 1. Cholestano-S-ol-O-one. 
II. CholeRtaT)c-3-ol-(i-onc acetate. 111. Cholestane-3:6-dione-r)-ol. TV’'. CholeKtcne-3-ol-7- 
one acetate (“jS-oxycholesteiioJ acetate"). V, Chole8tane-3-chIoro-h-orie. 

tilted to the vertical. The tilt of the molecules is yjrobably decided by the 
relative intensities of the attraction of the hydroxyl or acetate group at 3, and 
of the keto-group at b, for the water. The attraction of the hydroxyl group is 
stronger than that of the keto-group, so that in the 3-ol-6-one compound the 
molecule is pulled rather more upright through the hydroxyl group becoming 
further immersed in the water than the keto-group. When the attraction of the 
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hydroxyl group for the water is weakened, though not destroyed, by acetylation, 
the two groups become more equally immersed in the water, tilting the molecule 
rather more. 

Cholestano-3 : 6-dione-5-ol shows areas intermediate between those of the 
3 : 6-dione and the 3:5: 6-triol, the hydroxyl group pulling the molecule some- 
what nearer the vertical position than witli the 3:0-dione. A'^ '’-Cholestene- 
3-ol-7-one acetate (“/S-oxycholestenol acetate’’) is much less tilted than other 
compounds with a water-attracting group at 7, exerting practically no surface 
pressure at areas greater than 62 sq. A. This result is difficult to reconcile with 
the constitution assigned on chemical grounds, but would be consistent with a 
constitution in which the keto-group was at 6. 

Cholestane-3-chloro-6-one (from nitrocholesteryl chloride) occupies an area 
much greater than other compounds with a water-attracting grou]) at 6. It is 
known [Adam, 1930, p. 84] that the chlorine in alkyl chlorides lias very little 
attraction for water. Probably the molecule is anchored by the b-keto-group 
alone, and possibly the size of the chlorine atom (causes the area to be greater 
than that of the other compounds with one anchorage to the water at 6. 

The tx^iocholic acidn, Eig. 0 shows the data for r/pocholic and jS-opocholic 
acids, which crystallise with half a molecule of xylene : this probably evaporates 
wiien the films are spread. Both films are gaseous, and surface pressure and 



UM) l>() 2(H) J'H) 

Area per molecule, bq. A. 


Fig. U. .Ipocholic acid and ^-apovhoVw acul 

surfaces potential are identical for the two isomerides, within ex])erimental error. 
There are hydroxyl groups at 3 and 12 and a carboxyl at- tlie end of the side- 
chain, in both acids: also one double bond which may be at 8-9 in ujyocholic 
[Wieland and Dane, 1932] but may be observed in the jS-acid recently isolated 
by Callow (private communication). As usual, the three widely separated 
water-attracting groups cause the molecules to lie flat and the films are gaseous ; 
similar gaseous films, with compounds containing the sterol skeleton and two 
or more water-attracting groups far apart in the molecule, have been previously 
found with ot^striol, pregnandiol etc. [Adam et aL, 1932: Danielli ef al.y 1933J. 
As the films are gaseous, with the molecules lying flat and relatively far apart, 
the small difference in the form of the molecules, if any, caused by the change 
in position of the double bond, does not produce anj’^ difference in the surface 
pressure curves of the two isomerides. The identity of the surface potential 
curves indicates that this isomerism does not involve any seriotis change in the 
orientation of the polar groups relatively to the ring system. 
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Summary. 

Surface pressure and surface potential measurements of about 30 compounds 
related to the sterols are described. All the data are consistent with the modern 
view of the constitution of the sterol skeleton. 

Most of the compounds show coherent condensed films. 

Sterols with one hydroxyl at 3 and with not more than one double bond 
stand practically vertical in the surface; their area per molecaile varies from 
37 to 44 sq. A., according to the stereochemical configurations of the ring 
systems. Highly unsaturated sterols are sometimes, but not always, tilted. 

Ketom^s with one carbonyl at 3 tilt, sometimes far, from the vertical, but 
can be brought more nearly upright by admixture with steTols which normally 
stand upright in the surface. 

One hydrox 3 ’^- or keto-group at 6 or 7 causes the molecules to tilt considerably, 
in order that the group may come close to the water. This tilt is not altered by 
admixture with sterols standing upright. Keto-groups usually cause monj tilt 
than hydroxy-groups. The molecules may tilt so that their long axis is practically 
horizontal, without the films losing coherence and becoming gawseous; the mole- 
cules ma 3 % however, be standing on edge, pc^rmitting much lateral adhesion 
between ring wsystems of adjacent molecules, in addition to that du(* to the 
hydrocarbon chains. 

Compounds with two or three water-attrac;ting groups in rings I and II 
always tilt. The amount of tilt depends on the position in the molecule and the 
relative attraction for water of the various groups. 

Surfa(^e potential measui’eraents sometimes indicate wh<»ther a hj'droxyl 
group has the '^normaV^ or the ‘‘cpi” stereochemical configuration. 

The apocholic acids form gaseous films with the molecules ly^ing flat. 

We are most deeply indebted to Drs Roscmheim and Callow for most of the 
material used, and to Prof. Ruzicka for the epicof)rostej‘ol and some other 
compounds, ff. F. D. thanks the Hiirrey (/ounty Council and the Department 
of Scientific and Industrial Research for grants held during this work, and 
F. A. A. thanks the Medical Research Council for a grant. 
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CCXI. THE VITAMIN Bj CONTENT OF FOODS. 
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From the Research Laboratory ^ Vitamins Limited^ Hanimersmithy London. 

{Received May 31sl, 1935.) 

It was shown by Drur}^ et ah [1930] that on a diet deficient in vitamin 
young rats developed a progressive bradycardia which was cured by the ad- 
ministration of substances containing the vitamin but was unaffected by 
vitamins A, D, A and D combined and sources of vitamin Bo . They also showed 
that the cure occurred without increased food intake aiul was therefore not 
secondary to the restoration of appetite. The bradycardia was sinus in origin 
and was not cured by the injection of barium or by vagal section. 

This specific sign of vitamin B^ deficienc}* lias been furthei’ used by Birch 
and Harris [1934] for the quantitative detcTTnination of the vitamin Bj in foodvS. 
Results obtained by this method wore in lin(* with assays made using other 
methods, i.e. the cure of convulsions in rats and the growth rate. 

The bradycardia method has been compared in this laboratory with the 
growth-rate method of vitamin B^ assay, and the findings of Bhch and Harris 
that the method is reliable for quantitative detc‘rminations hav(^ been (confirmed. 
The activity of samples of various substances determined by both metliods is 


seen in Table I. 

Table 1. 

Units ])cr U^nits per 

Material (growth late) (bradycardia) 

V'ltamin concentrate. 97 (1 

Wheat germ (proprietary) sanii>Ie Mj J3-7 1. 

Wheat germ (proprietary) sample Mo 14*0 13-70 

Ox liver " 1-4 1 *5 


Since there existed no comprehensive study of human foods in terms of the 
International Standard vitamin Bj, and in view of the need for this in studying 
human requirements, it was decided to us(' the bradycardia nu^thod for assaying 
common foodstuffs, and with a view to the practicval applications, to mak(^ the 
dc^termination where possible on the food in the form in wliich it is normal^ 
eaten. Foods of low vitamin content have, of necessity, been assayeil raw only. 

The tests have been (iarried out during several months, throughout which 
period small groups of rats have from time to time been given graded doses of 
the International Standard. This has not only enabled a simultaneous assay to 
be made, ])ut has also permitted a large number of standard readings to be 
collected (Tabk' II). 

Between the dose levels of 20 and 30 mg., the method gives an accuracy 
within ±20%. The probable error at the level of 30 mg. is ±17% when all 
values are considered, but is reduced to ± 14 % when the four extreme values 
(out of 28) are omitted. It has therefore been attempted to give doses calculated 
to produce a cuie of about 3 days’ duration but, owing to the small traces of 
the vitamin in many foods, this has not always been possible. Considerations 

( 1802 ) 
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Table II. Duration of cure obtained with International Standard. 


30 rat;. 


10 mg. 

1 5 mg. 

20 mg. 


Days 

40 mg. 

50 mg. 

Hours 

Days 

Days 

/ 

- ' ^ 

Days 

Days 

15 

00 

1-85 

3*0 

1 7 

3*55 

3*75 

27 

2-55 

2-25 

2*9.5 

30 

2*8 

4*1 

7 

1*4 

1-75 

3*3 

4*1 

4*() 

4*0 

24 

0-75 

1-25 

3*1 

5*0 

3*3 

3*9 

28 

20 

31 

3*2 

3*3 

4*75 

7*0 

— 

— 

2*7 

1*8 

3 2 

2*75 

5*9 

— 


1*5 

3*0 

2-6 

3*15 

7*0 

— 

— 

2*2 

4*0 

1-7 

.5*0 

4*0 

— 

— 


3*0 

4*0 

7*0 



— 



3*0 

1*8 

3*0 



— 

— 

— 

3-0 

4*35 

3*0 




— 

- 

2*0 

2-5 

5*8 



— 

— 

— 

2*8 

2-45 

— 

— 

— 


— 

2 8 


— 

— 

— 



2-8 

— 

— 

— 

. 0 s 

1*34 

2 U7 


3*02 

41 

5*0 


of time have not so far jiermitied the use of several dost* levels for eaeh food 
but tli(*se are gradually being worked out, as also an* the seasonal foods not 
included in Table IV. 

PROCEnritE. 

Hats of 130-140 g. and of either sex are kept on a diet consisting of: 

Castor sugar ... ... ... ... 60 

Araehis oil 15 

‘ ‘ Light whiter casein ’ ' . . . ... ... 20 

McCollum’s salt mixture ... ... 5 

Autoclaved dried brewer's yeast 15 % of basal diet^. 

(Jod-liver oil, one drop daily per rat. 

Tlie rats are housed 3 or 4 in a (^age on screens, in rooms kept at 65° F. by 
a thermostatically controlled heating sy.stem. Th(*y are fed twice daily to 
minimise eiTors arising from wastage and subsequent lack of food. After about 
4 W(‘eks, the depleting rats are put into single (*ages (Sx8x 10 in.) with | in. 
mesh floors, standing 2 in. above deep trays, and daily readings are taken on 
the Matthews electrocardiograph. Readings are usually begun when the body 
weight is about 110-125 g. By using diqdeted rats at this weight, each animal 
can b(* used for 8 or more tests before its usefulness is euidc'd by convulsions, 
severe inanition or a premortal fall of temperature. Fig. 1 shows a typical series 
of responses for one animal, compared wdth progressive bradycardia of a negative 
control. 

Readings, except in tlu' case of low l(‘vels of standard, have been taken once 
in 24 hours, but a definite sequence has been followed and each animal examined 
at approximately the same liour each day. Those suitable for use have received 
a test dose as soon as their heart rate is known. In attemi)ting to give doses 

^ Autoclaved for 6 hours at 120® in layers 1 in. deep. 

During the early part of this work a number of rats devcloi)cd ulcers and oedema of the feet 
and tail, loss of hair and staining of the abdominal fur. As a result of this the autoclaved yeast, 
which had been used as 10% of the diet, was increased to 15%, and the subsequent disappearance 
of the lesions led to the conclusion that the diet- as originally used hau been niadequate in 
vitamin Bg. The alteration was without effect on the heart -rat<‘ records. 
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which would produce an approximatci 3-day cure, the large amounts required 
in many cases have so far deterred us from testing at a second and higher level. 
Doses of 2 or 4 g. have been used for most foods, and occasionally 6 g. in two 
equal parts at 0-8 hours’ interval. Bulky materials have been chopped or ground 
and observation made to prevent wastage of dose. 



Fig. \, 

Most foods have been given when the heart-rate is betwc'cn 350 and 450 per 
minute, and tests of each substance have been made at both the liigher and 
lower rates. Between these limits duration of the responsfi do(‘s not d(‘pend 
upon the initial heart rate (see Table III). 


Table III. Eelaiion between initial heart rate and duration of response. 




Duration of 



Duration of 


Initial 

response 


Initial 

resjionse 

Material 

heart rate 

Days 

Material 

heai’t rate 

Days 

Egg yolk 

430 

30 

Mushroom {coni.) 

300 

2*5 


4:20 

26 


374 

1-2 


420 

2-8 


354 

21 


354 

.340 

3-75 

2-45 

Grapc‘ fruit 

450 

420 

1- 5 

2- 3 

Muahroom 

462 

21 


400 

1-2 


450 

21 


370 

1*8 


When rats with heart rates above 450 have been used, many of the n^sponses 
have tended to be prolonged or irregular. This applies particularly to the first 
dose given after the depletion period and is shown in Fig. 2 which illustrates 
an abnormal initial response followed by eight normal responses. 

After the. first dose the rhythm of response appears to become established 
and furthfir abnormalities are unusual until the final or penultimate test. Ab- 
normal responses have occurred to 40% of the initial doses given to 130 rats 
and have led us to adopt the practice of giving, when the heart rate is between 
440 and 460, a preliminary dose of 300 mg. wheat germ (proprietary), not to 
be considered for assay purposes, and beginning the routine tests when the 
heart rate is falling daily after the maximum response. Certain other atypical 
readings have been discarded. Most of these are from the last dose given, when 
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the rat has been well enough to take the dose, and has succumbed to, or been 
chloroformed for, rapidly developing inanition before the response was com- 
pleted. Disregarding the initial steadying dose which is no longer given for 
purposes of assay, the discarded response's amount to 10*7 % of 1200. 



It will bo scMUi in Table IV that the substances showing a high probable error 
have givc‘n in rnost^ oases one or mor(‘ negative rosi)onses. Some of those may 
be due to the t(ist substaneo not being homogeneous, as in sardine, but in other 
instances no such explanation suggests itself. A negative resjjonse lias Ix'en 
inclu(l(*d in the table only wlien (‘xaniination of the previous and subsequent 
history of the animal concerned has shown it to give normal responses to other 
substances. 

Table IV. 


* iiulicatcs that tho probable error lor the dose used is over r)(0>', 


Material 

Dose 

Responses 

Average 
duration 
in days 

Units 
per g. 

Meat and offat.s: 

Lean raw beef 


0, 1-8, 0, 0 8, ]-:i 

0-8 

O'o* 

Ox liver eooked 

2 

2:l :b25. a, .3-4 

34 

1*5 

Cooked veal (from pic) 

4 

3 0, 10, 1-5, d., d. 

2 1 

0-5 

Lean raw mutton 

4 

3-5. 21,1 7, 2-0, 3 0 

2 46 

0-6 

Roast lamb (lean) 

Braised sheep’s tongue 
Haw sheep’s kidney 

4 

2-0, 1-35, 2 0, 2-25, 2-8 

24 

0-5 

4 

0, 0, 1-2, 1-2 

0-5 

0-2* 

2 

4-75, 3 0, 3-85, 4 0, 4 0 

30 

10 

Roast leg of chicken 

4 

2-5, 0, 2*0, 0, 3-5 

1*6 

04 

Roast pork (lean) 

15 

6 0, 4 0, 4 0, 6 0, 4 0 

4-8 

3-2 

Boiled ham (lean) 

2 

4-8, 4-25, 4-6, 4-0 

44 

2*2 

Raw pig brain 

4 

2 0, 3 0, 1-6, 2*5 

2*3 

0-6 

Raw pig kidney 

1 

34, 5-8, 21, 3 0, 3-2 

3*5 

34 

Fish: 

Raw cod muscle 

4 

1'7, 2-5, 0, 3 0 

1-8 

04 

Raw whiting 

4 

0, 3 0, 0, 10 

10 

0-3* 

Soft herring roe 

2 

19, 0, 3 0, 0 

1*2 

0-6* 

Fried halibut 

4 

1*9, 2-9, 1*9, 2-9 

24 

0-6 

Sardine (tinned) 

4 

0, 1*9, 1-3, d., d. 

14 

0-3'^ 

Prawn (fresh boiled) 

4 

2-2, 14, 0, 0, 0 

0-7 

<0-3* 
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Material 

Table IV (con<.)- 

Dose Responses 

Average 
duration 
in days 

Units 
per g. 

Dairy produce: 

Milk 

10 ml. 

1-45, 3 0,1-2, 3 0, 2-6 

2-25 

0-23 

Cheese, Gorgonzola 

4g- 

1-9, 1-5. 0, 3-2, 1-4 

1-6 

0-3 

„ Cheddar 

4 

0 , 0 , 0 , a., d. 

0 

0 

„ Cheshire 

4 

3-1, 0, 0, 2-5, 0 

11 

0-3* 

Crustless cream Cheddar 

4 

0, 0, 0, 0 

0 

0 

Egg yolk boiled 

2 

3, 3-75, 2-6, 2-8, 2-45 

2-9 

1-4 

Egg white boiled 

4 

1-3, 1-1, 0, 1-2, 21, 0,1-4 

1-0 

Trace* 

Vegetables: 

Beans, dry haricot 

2 

2-8, 4-0, 0, 2-5, 3-0 

2-5 

1-2* 

„ dry butter 

2 

2-0, 3 0, 2-95, 5 0 

3-2 

1-0 

Baked beans (canned) 

2 

0, 0, 0, 0, 1-7 

0-3 

Trace* 

Beetroot, boiled 

4 

4-(», 4-0, 1, 2-0, 3-0 

2-8 

0-7 

Savoy raw, etiolated 

4 

1-8, 2-4. 1-2, 4-0 

2-35 

0-6 

„ green 

4 

3*8. 1-6, 5 0, 2-55 

3-24 

0-8 

Sprouts, raw 

4 

2-8, 1-8, 2-0, 1-3, 4-0 

2-4 

0-0 

Carrot, raw' 

4 

3-3, 1-7, 3-9, 2-2, 1-5 

2-5 

0-6 

Celery, raw 

4 

0, 2-3, 0, 0 

0-6 

Trace 

Cress, raw 

4 

2-9, 1-3, 0, 4-45 

2*2 

0-5* 

(‘auliflower, raw 

4 

0-0, 5*0, 4-7, 2-0 

4-4 

M 

„ cooked 

4 

0, l-l, 3-8, 0 

1-2 

0-3* 

Cucumber 

4 

1-5,0, 1-2. 18, 0, 0-9 

0-9 

0-3* 

J-ientils, raw 

2 

4-0, 2-2, 4-J, 4-9. 0-0 

4-2 

2-1 

Lettuce 

4 

3-4, 4-0, 2*7, 3-1, 3-9 

3-5 

0-9 

Mushroom, raw 

4 

2-1, 2-1, 2-1, 2-5, 1-2 

2-0 

0-5 

Onion, raw 

4 

2-2, 0, 4-3, 0, 2-15 

1-7 

0-4* 

Peas, canned 

1 

1-3, 1-6, 2-45, 0, 0 

1-1 

(badlv eaten) 
‘1-2* 

Potato, raw 

4 

1-9,3 0, M5, 0, M 

1-4 

0-4* 

„ boikd and peeled 

4 

0, 1-3, 1-6, 1-9 

1-2 

0-3 

Kaciish, raw 

4 

1-7, 3-5, 1-0, 3-4, 2-8 

2-0 

0-6 

Rhubarb, raw 

4 

iK 0, 0, 0 

0 

0 

Spinach, raw 

4 

4-0, 1-8, 1-8, 4-0 

2-9 

0-7 

Turnip, raw 

4 

0, 2-05, 0, 3-0, 2-0 

1-7 

0-4* 

,, cooked 

6 

d., 1-4, 0, 0, 0 

0-2 

Trace 

Watercress, raw 

4 

2-3, 1-9, 2-4, 2-6 

2-3 

0-0 

Fruit : 

Apple 

4 

1-0, 0, 3-4, 2-5, 2-9, 1-9, 0 

1-7 

0-4* 

Banana 

4 

2-0, 2-45, 1-6, 2-3, 3-3, 0 

J-9 

0-5 

Date, flesh 

4 

0, 3-7, 0, 0, 2-1 

1-2 

0-3* 

Fig, dried 

4 

6-5, d., 4-0, 3-0 

4-2 

1-0 

Craiie, green, pulp 

4 

0, 0, 2-0, 0, 1-5 

0-7 

Trace 

Grape-fruit, pulp 

4 

1-2, 1-5, 2-3, 1-8 

1-7 

0-4 

Orange, pulp 

4 

0, 4-0, 0, 1-7, 2-3 

1-0 

0-4* 

Pear 

4 

2-55, 0, 0, 2-4 

J-2 

0-3* 

Plum 

4 

1*9, 0, 1-6, 2-0, 1-3 

1-4 

0-4 

1‘rune, dried, raw 

4 

2-8, 3-25, 3-0, 4-4, 5-0 

3-7 

0-9 

Raisin 

4 

2-1, 2-35, 3-0, 5-0, 2-55 

3-0 

0-76 

Tangerine, pulp 

Tomato, pulp 

4 

3-4, 0, 1-7, 1-3, 1-9, 2-0 

1-7 

0-4 

4 

2-1, 1-7, 2-0, 1-35 

1-8 

0-4 

Nuts; 

Almond 

2 

3-0, 0, 2-8, 0, 2-7 

1-7 

0-8* 

Chestnut 

2 

2-0, 2-3, 3-0, 2-4, 0 

1-9 

0-9 

Coeonut, desiccated 

2 

0, 0, 0, 1-5 

0-4 

Trace 

Hazel 

2 

4-2, 4-0, 3-7, 3-0, 4-5 

4-0 

2-0 

Walnut 

2 

2-5, 2-8, 3-2, 3-0, 4-0 

3-1 

1-5 

Cereals and cereal products: 

Whole wheat A 1 

2-1, 3-0, 3-0, 2-0, 1-6 

2-3 

2-3 

B 

1 

1-4. 2-4, 2-8, 3-3, 3-3 

2-6 

2*6 

„ c 

1 

2-8, 1-8, 4-0, 5-0 

3-4 

3-4 
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Material 

Table IV (cont,). 

Dose Responses 

Average 
duration 
in days 

Units 
per g. 

Ckreals and obeeal products (coni,): 
Crude wheat germ A 0-4 g. 

2*3, 3 0, 3 0, 1*8, 1-7 

2-36 

5-9 


0-2 

2-35, 1*85, 1-6, 2-5, 2 5 

2*2 

10*5 

„ c 

0-2 

1*4, 1-7, 1-6. 2-2 

1-7 

8-5 


0-2 

2-4, 2-2, 2-8, 3 8, 1-2 

2-5 

120 

E 

0-2 

4‘3, 5-0, 5 0, 1-8, 3 0 

3-8 

18*75 

Wheat germ (proprietary) 

Sample A 

0-2 

2-0, 40, 3 0, 2-5, 30 

2-9 

14*25 

„ B 

0-2 

.3-8, 2-8, 2-8, 2-7 

34) 

15*0 

„ c 

0-2 

2-8, 30, 3 0, 2-6 

30 

15*0 

.. 1) 

0-2 

30, 3-5, 3 0, 2-55 

30 

15-0 

Wl^eat bran 

1 

I'H, 2-8, 0. 0 

1-2 

J-3* 

Oatmeal (dry) 

1 

20, 30, 3-8, 3-8, 40 

3-3 

3*25 

Breakfast oatmeal, dry 

1 

2-3, 3 0, 0, 0, d. 

1-3 

1-4* 

Rye germ 

0-4 

1*3, 2-5, 3 0, 3 0, 5 0 

30 

7*5 

Barley germ 

0*2 

2-45, 20, 2 0, 30, 4-8 

2-9 

14*0 

Maize germ 

0*5 

1*4, 0, 4*4, 3-8, 2 2 

24 

4-6* 

Hiee bran A 

0-4 

.3-3, 3 0, 316, 30 

31 

7*6 

B 

0*4 

20, 3 0, 2-6, 1-7 

2-3 

.5*6 

C0N('ENTRATES OF VITAMIN : 

Liquid concentrate IV 

100 mg. 

2-4, 1-5, 20,2 4 

2-3 

22*5 

VI 

50 

20, 30, 30, 3 0, 10 

2-6 

51 

Solid eoncentrate 3321 

20 

2-75, 3-3, 3 0, 50, 4-8, 5-8 

411 

2(H) 

344 

21 

3-9. 30. 2-75, 3 1 

3* 19 

158 

31 

.30 

3*9, 31, 2 9, 3-8, 2*9 

3-3 

107 

l^^cl.4kSSIFIKn : 

Coffee bean, ground 

l-O g. 

20, 0, 0, 1-5, 30 

1-3 

1 4* 

(/ocoa powder 

Dried brewer’s yeast A 

B 

0*5 

0, 0. (b 0 

0 

0 

0 2 

5 35, 3-2, 4*3, 5 1, 4-8 

4-6 

234) 

0 4 

24), 30, 2-4, d. 

2-5 

6-0 

With rt^gard to substances of high vitamin activity, sucii as 

yeast and 


wheat germ, tlie variation from sample to samj)le is eonsiderablo. Thus with 
brewer’s yeast some samples have betm found four times as active as others. 
Quinn at aL [1930] record a 10-fold variation in yeasts. On several hundred 


samples of wheat germ dra^m from a large number of sources, and examined 
here, a r>-fold variation has been found. (V)iuparable variations probably o(*ciir 
in other cereal germs, of which we ha\'e been able to examine only a small 
number. 

Summary. 

1 . The reliability of the curci of bradycardia as a means of estimating the 
vitamin content of various substances has been (confirmed. 

2. This mt‘thod has been used for the estimation, in International Units, 
of the vitamin content of a number of foods. 

We wish to express our thanks to Dr Leslie Harris and his department at 
the Dunn Nutritional Laboratories for valuable instruction in technique, to 
Prof. J. C. Drummond for helpful criticism, and to the Directors of Vitamins, 
Limited, for the facilities they have given to make this work possible. 
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CCXII. ENZYMES IN CANCER. THE /8-GLYCERO- 
PHOSPHATASE OF THE ERYTHROCYTES. 

By JANETl’A WRIGHT S(.’HOONOVER anu JACOB OWEN ELY. 

From the Cancer Research Laboratories^, Graduate School of Medicine, University 

of Pennsylvania, and the Radiological Clinic of the Philadelphia General 

Hospital, Philadelphia, Pennsylvania, 

(Receivcjd May 10th, 1935,) 

A PHOSPHATASE with ail opiinuiru oi* about 9 has been found in practically 
every tissue. Kay |1932J pr(\seiit.ed conclusive (‘videncc for the identity of the 
alkaline phosphoesterases of the bone, kidney, intestinal mucosa and blood 
plasma. Lesions of the bone, kidnc}", liver etc., or hyperactivity of various 
organs augment the activity of the plasma enzyme [Kay, 1930, 2; Bodansky, 
1934]. To such mechanical reasons must be attributed the slight increase of 
/3-glycerophosphatas(.* ob8(‘rved in cancer plasma by Kay [1930, 2], and in cancer 
wholi‘ blood at 2^11 Kv Koliler [1934). 

There are two acid ])hosphatases, which arc not identical in S])ite of their 
similar yjjj optima. One is found in the red blood ('clls; it hydrolyses ^-glycero- 
phosphate most (‘fFec1iAT‘ly at pjf ()‘0~()*2 [Koclie, 1931]. The other is contained 
in, at least, liver, kidney and spleen, Oavkss [1934] assigns to it an optimum 
Pii of 5-0, Bamann and Riedel [1934] assign one of o-o. The ciythroc}"t(» enzyme 
is activated by magnesium ions at its optimum pjj [Davies, 1934] ; the organ 
enzyme is not [Davies, 1934; Bamann and Kiedel, 1934], The erythrocyte 
phosphatas(‘ in cancer has not been studied, so far as can be ascertained. 

Kf)hler [1934] observed that blood phosphatase of cancerous rats, at 
displaytHi loss proportionate incn*ased activity than did that of normal rat blood, 
at th(‘. same , when magnesium chloride was added. In view of the fac*t that 
the plasma and the erythrocytes contain difi'erent jdiosphatases, this variation in 
Ixhaviour might be due to either or to both. Both phosphatases are capable 
of activation l)y magnesium at jpfj 7’() [Kay, 1930, 1; .Jenner and Kay, 1931], 
and presumably would be affected at p^i S-8 also. Therefore, it seemed necessary 
to conduct separate investigations of the effect of the magnesium ion on plasma 
phosphatase and on eiythrocyte phosphatase. 

Plasma was the first selection for study. Bodansky's [1933] method for the 
determination of serum jS-glycerophosphatase was employed as a basis. It was 
modified to permit the estimation of the plasma enzyme at py^ 8-8“9*17^, with 
and without the addition of magnesium chloride in the reaction mixture in 
concentrations varying from 0*001 to 0*053/. No significant diff(*renc(is were 
found between normal plasma and cancer plasma. Indeed, both types frequently 
showed no activation at all at 8*8. 

The red blood cells, then, remained as the only possible source of tlie differing 
response of normal blood phosphatase and of cancer blood phosphatase to mag- 
nesium chloride. Although Kohler's [1934] results were obtained at pjf 8*8, the 

^ This was the highest pn obtainable w ithout substituting sodium hydi'oxide for hy(lrochlori<5 
acid in the veronal buffer. With the use of sodium hydioxide, optima were always observed at 

9'2~9*3, but it was not possible to study the effect of the magnesium ion at these values 
because of the precipitate formed when magnesium chloride u as added to the buffered substrate. 

Bioohem. 1935 xxix ( 1809 ) 115 



1810 


J. W, SCHOONOVER AND J. 0, ELY 


region of the optimum Pu of the red cell enzyme was the one chosen for study. 
This was done with the belief that differences occurring at pjj 8*8 would also 
be found at the optimum if they were of physiological significance. 

The results have justified this belief. The red cell enzymes from normal and 
cancerous human blood have been studied over the substrate pjj range of 5*0~6*0, 
whereby the optimum for both types was found to be 5*6~5-8. Cancer ^-glycero- 
phosphatase was found to be the more active over the entire range if the results 
are segregated according to sex. Both cancer and normal erythrocytes from the 
same sex exhibited the same unit increase in the presence of equivalent amounts 
of added magnesium chloride. Consequently the increase % was lower in the 
cancer oases. It is believed that these results indicate the presence of some of 
the organ phosphatase in cancer erythrocytes. 

Experimental. 

It was found that 0*1 ml. of erythroc^^tes was sufficient for each determina- 
tion, thus making it possible to study one sample over a wide range of pjy values 
and magnesium concentrations. Acetate bufter, 0 2M in the reaction mixture, 
was employed and found satisfactory, although we have no evidence of its 
producing any specific stimulating or depressing effect on the enzyme. 

The pjj-elevating effect of sodium ^-glycerophosphate on the buffer, not(‘d 
by Davies [1934] and by Bamami and Riedel [1934], was observed. In addition, 
magnesium chloride was found to exert a reverse influence on th(» buffered 
substrate; this influence was directed towards tlio glycerophosphate and was 
not overcome by the presence of the buffer. For these reasons, it was necessary 
to compile a series of data, using the quinhydrone electrode at room temperature, 
for the preparation of buffered substrates of varying ; the proportions of the 
components differed according to th(5 molarity of the magnesium chloride to be 
present in the reaction mixture. The quantities given in Table I show the 
requisite amounts of 1-25% Na jS-glycerophosphate (Eastman Kodak) 0*53/ 
in acetic acid and of 1-25% Na jS-glycerophosphate O’^M in Na acetate (both 
solutions were made up fresh daily) to prepare 4 ml. of buffered substrate. This 
quantity is increased by the addition of 1 ml. of water if no magnesium chloride 
is to be added, by the addition of 1 ml. of {) 2M magnesium chloride if the 
reaction mixture is to be 0*02 Af in added magnesium chloride etc, 

Ta})le 1. Preparation of buffered substrates for use with various molarities 
of magnesium chloride in the reaction mixttires. 

(HO Ac, ml. of the 1*25% Na jS-glycerophosphate-O-SiU acetic acid solution; 

NaOAc, ml. of the 1*25% Na )8-glyoerophosphate-0*5Af Na acetate solution.) 


Concentration of added magnesium chloride in reaction mixture 



6m 

0 06M 

0-075 M 

O-IOJtf 



- 


A. 






HOAc 

NaOAc 

HOAc 

NaOAc 

HOAc 

NaOAc 

HOAc 

NaOAc 

50 

1-46 

2*54 

1-33 

2-67 

1*24 

2-76 

M2 

2-88 

rv2 

114 

2-86 

102 

2-98 

0*95 

305 

0-86 

314 

5-4 

0*87 

313 

0-79 

3*21 

0-71 

3-29 

0*64 

3*36 

5-6 

0-66 

3-34 

0-58 

3-42 

0*51 

3-49 

0-41 

3*59 

6*8 

0*50 

3-50 

0-41 

3*69 

0*33 

3*67 

0*23 

3-77 

60 

0-41 

3*59 

0-27 

3'73 

0-21 

3*79 

Oil 

3-89 


The preparation of a buffered substrate of pu 6*0 for use in a reaction mixture 0*02Af in 
MgClj requires the following proportions: HOAc, 0-34 ml.; NaOAc, 3*66 m' 
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Method of estimation. One volume of unwashed erythrocytes was laked with 
4 volumes of water. After 15 minutes, 5-10 ml. of the laked cells were with- 
drawn for the inorganic phosphorus determination. Sufficient water was added 
to the remainder to make the final dilution 1 ; 50. 5 ml. of this haemolysato, 
containing 0*1 ml. of erythroc^dies, were added to 5 ml. of buffered substrate in 
an 18 X 150 mm. test-tube, 4 drops of chloroform added and the tube was closed 
with a clean No. 2 rubbei* stopper, inverted once and placed in the water-bath. 
This procedure took half a minute, so that 30 reactions could be started in 
15 minutes. After 24 hours in the water-bath at 37 ±0-1°, the tube was removed 
and placed in ice water. Two minutes later, 10 ml. of 9 % trichloroacetic acid 
were added, the tube was closed with a rubber stopper and shaken 20 times in 
an inverted position to facilitate the breaking up of the precipitate which alw^ays 
formed and settled to the bottom of the tube during the incubation. The mixture 
was filtered through Whatman No. 44 filter-paper 10 minutes later. The inor- 
ganic phosphorus in these filtrates was determined according to the modification 
of the i)rocedure of Kuttner and Cohen [1927] outlined by Bodansky [1932] in 
his serum inorganic phosphate method. Calculation of the number of mg. of 
inorganic phosphorus present in the filtrate- aliquots (the size oi the aliquot was 
carefully chosen to give a colorimetric* reading of as near 20 mm. as possible) 
was madfj by using Bodansky 's [1932] table for the effect of Beer’s law and his 
factors for the influence of jS-glycerophosphate and trichloroacetic acid on the 
colorimetric reading^. The calculation of the inorganic phosphorus present in 
the red cell haemolysate was also made with the use of the Bodansky table and 
factors. Both of these figures were finally referred to 10 ml. of erythrocytes. 
The amoiuit of inorganic phosphorus originally present, although negligible, was 
8ubtraet(Kl from the amount found after the action of the enzyme on the glycero- 
phosphate, and the result was the number of mg. of inorganic phosphorus freed 
from the ester in 24 hours. For the purposes of this report, therefore, a unit of 
erythrocyte phosphatase is defined as that quantity, existing in 10 ml. of red 
blood cells, which will liberate 1 mg. of inorganic phosphorus in 24 hours at 37“ 
in 0'2 ilf acetate buffer. 

By this method, the substrate optimum for normal and cancerous human 
j3-glycerophosphatase action was established at pjj-activity curves 

for 4 normal males and 0 cancer patients will be found in Fig. 1 ; they illustrate 
the choice of the 5*6-5*8 optimum. 

Preliminary studies indicated that the highest activation of both normal 
and cancer erythi'ocyte phosphatase at substrate 5*0 occurred with the use 
of 0*05 and 0-075 ilf magnesium cliloride. Therefore, simultaneous studies were 
made on the same sample, over the range 5-0-6-0, in reaction mixtures 
0, 0-05, 0*075 and O-lOAf in added magnesium chloride. The results of these 
studies were averaged and are found in Figs. 2 and 3. From these it is seen 
that there is a tendency for magnesium in increasing concentration to produce 

^ Since the amount of glycerophosphate originally present in the reaction mixture was the 
same as that used in the Bodansky [1933] method, and since Bodansky made no allowances for 
varying amounts being used up during the reaction, it seemed fair to assume that the influence 
of the ester could be rectified in this way. Less justifiable, perhaps, was the assumption tliat 
the concentration of trichloroacetic acid in a filtrate from 20 ml. of 4*5 % trichloroacetic acid 
containing 0*1 ml. of erythrocytes would exert the same influence on the colorimetric reading 
as would the concentration of trichloroacetic acid in a filtrate from 20 ml. of 4*5 % trichloroacetic 
acid containing 1*0 ml. of serum. However, duplicate readings with different quantities of the 
same filtrate gave results agreeing within ±5%* which showed that this assumption was well 
grounded. 
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5-0 5-2 5*4 5*6 5*6 (rO 

Pu 


Fig. 1. /^H*activity cnirves for the j8-glyeerophosphat,ase of human erythrocytes. normal 

mules; , untreated cancer patients; , cancer jjatit‘nts trcati'd )>y iiiadialion. 



5*0 5*2 5*4 5*6 5*8 . 6*0 5*0 5*2 5*4 5*6 3*6 6-0 

Pn 

Fig. 2. Fig. 3. 


Fig. 2. pxi-activity curves for the jS-glyccrophosphatase of the erythrocytes of four normal human 
males (A) without the addition of MgCl 2 to the reaction mixture, (B) with 0-0521/ MgCl,, 
(C) with 0-07o3/ MgCl^, and (D) with 0*103/ MgClg added to the reaction mixture. 

Fig. 3. curves for the /5-glyce.rophosphatase of the erythrocytes of five cancer patients 

of both sexes (A) wdthout the addition of MgClg to the reaction mixture, (B) with 0*063/ 
MgClg, (C) with 0*0753/ MgClg, and (D) with 0*103/ MgCl 2 added to the reaction mixture. 
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its maximum eflfect as the becomes lower: this effect is more pronounced 
in the instance of the normal males (Fig. 2). 

The work was therefore continued in a simplified form. The erythrocyte 
phosphatase of normal females and of cancerous individuals was studied at 

5-0, 5-6 and 6*0, without the addition of magnesium ('hloride and also with 
the addition of 0*1(), 0*05 and 0*02 Jf magnesium chloride resyiectively. From 
these series it was found that the unit increase varied from individual to indi- 
vidual, but that the langes and averages were very similar for all f(*males at 
each pyi and for normal males and iintn^ated male cancer pati(*nts at pn 5*(). 
The figures will be found in Table Tl. This table also contains data obtained in 
th(^ preceding series. 


Table Tl. Unit increasa in erythrocyte ^-glycerophosphataJie activity 
v'Uh magnesium chloride addition. 


M 

added to 
reaction 
Pii mixture 

5-0 010 


Average 

r>-() 0-0,) 


Average 
6-0 (»-02 


Average 



MaU‘8 



Females 


r 

Canccroiifi 

f 

Cancerous 

Normal 

1 4itr(‘at(‘d 

Irradiated 

Normal 

Untreated 

irradiated 


22 7 

-3*1 

7*2 

17*4 

11*4 

iH) 

(>•0 

4*1 

4*() 

3*ft 

3*7 

21-H 

11*8 

3*1 

7*4 

2*2 

57 

14-(J 

7*0 

— 

10*5 

— 

— 

— 

4*8 

— 

8*7 

— 

— 

_ 

5*0 

— 


— 

- 

151 

9 6 

1*4 

77 

7*7 

6 9 

20-7 

32 9 

-08 

1 5 *5 

22*5 

lft*5 

19-8 

12*0 

1<K» 

9*7 

10*2 

12 9 

11 (1 ‘ 

19*9 

2*8 

17*(^ 

12 1 

17*2 

J7 T) 

15*1 


17 8 

- 


— 

9*1 


16 ft 

- 

— 

— 

12*7 

-- 


-'*••* 

— 

17^ 

171 

~ ~4*2 

15 3 

149 

155 

19*5 

29*8 

14*4 

15*8 

14*3 

10 5 



18*1 

11*7 

i:i*7 

1.V7 

21*8 


12*6 

— 

18*1 


— 

— 

16*7 

— 

20 4 

— 

— 

— 

— 


20*5 

— 

~ 

_ 

193 

131 

17 7 

15*0 

19 2 


The percentage increase, for this reason, is not tlu^ same in normal and canc*er 
erythrocytes from individuals of the same sex. The r(‘d blood c^ells of cancer 
jmtients, and particularly of those who had received radiation therapy, exhibited 
a higher j8-glycerophosphatase activity at thi^ Pu values studied than did the 
red blood cells of normal subjects (this was noticeable in Fig. 1). Hence, l(*ss 
percentage activation was obtained in cancer er3rthrocytes by the addition of 
magnesium chloride than was found in normal erx'throcytes. The difference was 
not marked at pjj 0-0 with 0*02 Jlf magnesium chloride, but much more» so at 
Pji 5*6 with 0-05 M magnesium chloride, and was considerably exaggerated at 
Ph 5*0 with 0*10ilf magnesium chloride. The results (including those obtained 
in the preceding series) have been averaged and are presented in Figs. 4 
and 5, with the units of phosphatase foimd without addition of magnesium 
expressed by points on the left-hand scale, and the percentage increase found 
with the stated molarity of magnesium chloride added to the reaction 
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mixture by the points on the right. Lines have been drawn connecting the 
pairs of points for each type of subject, the slopes of which depict the results 
just described. 




i 

J lof- 

04 


5h 


300 I • 
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Ph 6 0 


Fif;. 4. Units of erythrocyte jS-glycerophosphatase from male subjects without addition of MgCl^ 
to reaction mixture (left-hand scale) and percentage increase with addition of stated molarity 

V of MgCl 2 (right-hand scale). connect pairs of points representing averages obtained 

from four normals; those for six untreated cancer patients; those for three 

cancer patients treated by irradiation. 
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Fig. 5. Units of erythrocyte jS-glycerophosphatase from female subjects without addition of 
MgClg to reaction mixture (left-hand scale) and jiereentage increase with addition of stated 

molarity of MgC^ (right-hand scale). connect pairs of |K>ints representing averages 

obtained from five normals; those for three? untreated cancer patients; those for 

three cancer patients treated by irradiation. 


Discussion. 

Whilst actual pjj measurements were not made in the reaction mixture itself, 
it is a fair assumption that the Pu of 10 ml. of 0-2 ilf acetate buffer, containing 
0*5 % sodium jS-glycerophosphate, is not appreciably altered by the inclusion 
of 0-1 ml. of erythrocytes. The establishment of the optimum substrate pjj for 
human (unwashed) erythrocyte jS-glyoerophosphatase activity at 5*0~5*8 is no 
contradiction of any previously published data available to us. The other optima 
reported refer to animal erythrocytes, which, according to Roche [1931] and 
Roche and Latreille [1934], may show species variation. Moreover, the degree 
of purity may be a controlling factor, as Bamann and Riedel [1934] have pointed 
out with regard to organ autolysates. 

It is granted that the enzyme solutions employed in this study were very 
crude, but, since it was desired to study the difference between the activity of 
normal and cancer enzymes in their natural state, purification processes of any 
sort were avoided for fear of removing some activating substance. In this way, 
we worked with conditions comparable with those of Davies [1934] for spleen 
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extracts, and with those of Bamann and Riedel [1934] for undialysed organ 
autolysates. 

There is no evidence that the “acid phosphatases” of these two sets of 
authors are not the same. That is, their phosphatases display optima near to 
each other, and the behaviours of the two arc alike in that magnesium chloride 
(O'OOBJf in Davies's experiments and unstated in Bamann and Riedel’s) pro- 
duces a slight inliibition below the optimum and only begins to activate 
when this is exceeded. These studies were published when our work was 
nearly completed, but the discovery that less magnesium chloride was needed 
for activation as the p^^ becomes more alkaline hints that a concentration well 
below the lowest we used over the entire range Pu 5-0-6-(), might be 

discovered which would not activate at all at the lower 2h\ values. However, 
any theory regarding the khmtity of the acid phosphoesterase of the organs 
and that of the erythrocytes is rtifuted by two facts. Davies demonstrated that 
)S-glycerophosphate was hydrolysed three times as fast as the a-ester by spleen 
extracts, whilst he was able to confirm Roche’s [1931] statement that the reverse 
is the cas(^ when these two substrates are presentc'd to the dephosphorylating 
enzyme of the erythrocytes. Bamann and Riedel were unable to produce any 
activation of the j3-glycerophosphatase from dialysed organ autolysates at 
Pjf 4-0, 0*0 and (»*0 with magnesium chloride in concentrations up to 0*053/. 
Wo found considerabk^ activation of human er 3 dhrocyte jS-gl^'ccrophosphatase 
at pij 5*0-6 *0 with 0*05 3f magnesium chloride. 

If, however, there is a real difference in the response to the magnesium ion 
between these two acid phosphatases, the organ and the erythrocyte, the 
difierence between the dephosphorylating powers of cancer and of normal red 
blood cells with and without the artificial addition of magnesium chloride could 
be explained on tliat basis. It will be recalled that the er^d/hrocytes of cancer 
patients w(^re found to exhibit a greater initial phosphatase activity at all 
Pii values studied in the range 5-0-6-0 than did erythroc.ytes from normal 
individuals of the same sex. When the magnesium conc<'ntration of the rt'.action 
mixture was increased, the units of phosphatase were augmented, in general, 
by the same absolute amount in both normal and cancerous persons of the 
same sex. Variations in original magnesium concentration could account for 
this behaviour only if one assumed that the magnesium exists in some special 
complex in the body. However, a more logical explanation is that the increase 
in erythroe^de )3-glyoerophosphatase activity in carietu’ is due to th(' presence 
of some of the organ phosphoesterase, or to more of it than exists in normal 
erythrocytes, thereby increasing the apparent activity of the red cell enzyme. 
The addition of magnesium activates the true ervthroc^de phosphatase but 
leaves the organ phosphatase unaffected. 

If such is the case, one would expect to find the ratio of the rates of hydro- 
lysis of a-glyc€U"ophosphate and j8-glyccrophosphate by cancer erythrocytes to 
be leas than a similar ratio for normal erythrocytes. This theory is being 
investigated . 

Summary. 

The optimum substrate pjj for normal and cancer human eiythrocyte 
^-glycerophosphatase activity, in 0*23/ acetate buffer at *6Ty has been shown 
to be 5*6-5* 8. Cancer erythrocytes have l>een found to exhibit, in general, a 
higher phosphatase activity than do erythrocytes from normal subjects of the 
same sex over the p^ range 6*0-6*0. The unit increase with selected artificial 
elevations of the magnesium ion concentration in the reaction luixture has been 
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found to be the same in both normal and cancerous individuals of the same sex. 
The significance of these findings is discussed. 

We wislx to express our gratitude to Dr Ellice McDonald for his advice and 
for his interest in this work. We are indebted to the division of pathology of 
the laboratories of the Philadelphia General Hosf)ital for the histological 
diagnoses of all the cancer cases studied in connexition with this investigation. 
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CCXIII. THE CHEMISTRY OF HEPARIN. 

By ERIK -JORPES. 

From the Physiological (^hemistry l>*'j)artme7it of the Carol me Institute, Stockholm, 
and the Insulin Laboratory of the'. Vitrum Coinjmny, Stockholm. 

(Receiveei May 13th, 1933.) 

Hkpakin, the anticoagulant disco vchtI by HoavcII [1918], has not until recent 
times been readily acc(‘ssibl(‘ either to the rest^arch chemist or to the physiologist. 
Its high price has prin^entc'd a thorough study of its chemical pr()j)erties and its 
more extensive* use* in physiological laboratories and in clinical practice. Thanks 
to the recent work of Charles and Scott [1933], fresh ])OssibiIities have* been 
afforde^d in beth directiems. Heparin has been shown to be a e^ommon tissue 
constituent, anel the* nietlioel of its preparation has b(‘e*n gre*at]y improve‘d. 

As te) the* (diemical nature of h<‘[)arin, veTV little* is known. He)welJ [1928] 
femnd a hexuremic a(‘id in his purest f)re*parati(jns. Schmitz and Fischer [1933] 
<h‘scribeMl highly })urified pre])aratie)ns, which the'v believed to consist e)f a 
trisacchariele, cemtaining e>ne carboxylic group, ('harles and Scott 

found a positive a-naphthol re*actie)n, but the ti*st for hexurejiiic acids with 
na])}ithor(‘sorcinol was negative. Conseejiiemtly the authors agree only in one 
r(‘spe*et, name'ly as to tlie (K*curren(‘e of carbohydrate grou]>s in the heparin pre- 
])arations. Fuit herriiore*, the‘re is disagreement as to the nitre^gen contt*nt of the 
pj'eparations, Howell found at an early stage of the pre'paration that the* sodium 
cyaniele* test of Lassaigia* i>rove<l n(*gativ(*, and he giv(‘s no further information 
as to the nitrogen contemt. Nor do Schmitz and Fischer ])ay any attention to 
this (pu'stion. On tin* contrary (^harles and Scott found about 2% of nitrogen 
in tludr })urtsst ])reparations, which were* as pure as any hitherto prejiared. 
Anoth(*r linding in the }»a])ers of th(*se investigators is also remarkable, namely 
the high ash content of the heparin samples. Howell found 37 (Charles 

and Scott about the same figure. Schmitz and Fischer, who found a certain 
amount of ash even in the crystalline brucine salt, n‘}>eatt‘dly discuss the possi- 
bility of mol(*(*ular combination between h(*])arin and neutral salts. 

This diverg<uice of ojiinion as to the (*()m])osition of heparin preparations 
seemed to justify a reinvestigation. Tin* author therefore pre])ared he})arin from 
ox and horse liver, follo\Aing the princijdes outlined by Cliarles and Scott. Only 
in some details w^as their techniejue modified. The crude material obtained after 
tryi)ti(‘ digestion j)roved to be 2 or 3 times more activt* than the commercial 
pn‘parations. After tr(*atment Avith Lloyd’s r(*agent 2 or 3 times as recom- 
inend(*d by Howell, no considerable further purification se(*med possible. SeA’cral 
attempts to fractionate tlx* pn*parations with barium acetate, barium hydroxide, 
lead acetate (basic) and gUuaal acetic acid did not result in more active products. 
In this state of purity the samples did not ])r(*eipitate in aqueous solution w ith 
lead acetate or with* cadmium chloride. As further ])urification seemed im- 
possible, the samples were submitted to analysis. 

Analysis of the heparin preparations. 

The different preparations of heparin schemed to lx* of a rath(*r uniform 
chemical composition (see Tables I and II). Furthermore the content of ash, 
38-41%, and of nitrogen, l*fi3~l'84%, corresiionded with the figures given by 
Charles and Scott. 
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As Howell’s statements as to the occurrence of a hexuronic acid seemed to 
be quite convincing, the samples were submitted to a quantitative analysis for 
uronic acids according to Tollens-Lefevre. The micromethod of Dickson et ah 
[1930] was applied and somewhat modified by the author. The carbon dioxide 
evolved corresponded to a content of hexuronic acid of 17-19% calculated on 
air»dry substance. If the high ash conttmt is taken into account, the content 
of uronic acid found is quite considerable. 

The presence of a hexosamine was also detected and an estimation by the 
method of Elson and Morgan [1933] showed between 12 and 14%, calculated 
on air-dry substance. As these two constituents, hexuronic acid and hexosamine, 
are characteristic for chondroitinsulphiiric acid, a t(‘st was made for ester 
sulphates. It proved to be positive. Furthermore, a certain amount of acetic 
acid was found on analysing for iV-acetyl. Thus the samplers seemed to contain 
chondroitinsulphuric acid, and to such an extent that there was hardly room 
for any other active organic component (see Table IT). The chondroitinsulphuric 
acid however proved to be (‘ornpletelv devoid of anticoagulating activity. 

Table I. Analysis of the heparin preparations, 
of air-dry substance. 


Heparin after the 
fir«t tr(‘atmont 
\\jth Lloyd's 
reaf^ent 

Preparation 

Carbon dioxide (Tollens-Lefevre) — 

3-30 

3-40 

3-70 

Heparin 

after a strond or third treatment 
with Lloyd's reagent 

1 

3*92 

3*89 

2 

4*60 

4*27 

4*10 

4*16 

3 4 

4 ) 1 3*99 

4 05 4*04 

5 


Average 3*5(1 

3*91 

4*30 

4*(J8 4*02 


Xitrogen (Kjoldahl) 

2*vS8 

1*63 

1*91 

1*05 104 

J*84 

Acetic acid found 




3 04 

— 2 19 

4*13 

( Friedrich -K apoport ) 

— 


3*11 

— 2*29 

4*11 


Average — 

— r 

3*08 

2*24 

4*12 


(Calc, for chondroitinsulphuric acid) — 5.9O — . 5-47 


Table II. Composition of the heparin preparations. 


‘*5 of air-dry substance. 
Heparin after the 






first treatment 
with Lloyd’s 
reagent 

Heparin after a second or third treatment 
with Lloyd’s reagent 

Preparation 

f - — 

1 

2 

3 

4 

5 

Moisture 

15*00 

15*60 

13*90 

13*84 

10*90 

10*15 

Ash 

37*90 

38-40 

40*80 

41*09 

45*15 

41 05 

Hexuronic acid (found) 

15*45 

17*26 

18*98 

18*00 

17*74 


Hexosamine less H^O (calc. 1 mol. 

12*82 

14*32 

15*74 

14*93 

14*71 


per mol. uronic acid) 

Acetic acid less H 2 O (calc. 1 mol. 

3*34 

3*74 

411 

3*89 

3*83 


per mol. uromc acid) 

Maximum amount of protein calc. 

1100 

2*41 

3*38 

2*19 

306 


irom the N content 


95*51 

91*73 

96*91 

93*94 

95*39 




The ash was proved to. consist of magnesium sulphate. As to its origin, it is 
evident that the magnesium originates from the Lloyd’s reagent, A certain 
amount of sulphate could also be extracted with water from the adsorbent and 
precipitated by 1*5 vols. acetone. This amount however was not nearly sufficient 
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to explain the high ash content of the heparin samples, particularly as it was 
found that only a small amount of sulphur could be precipitated with barium 
chloride. Furthermore, some samples were reprecipitated 3 times by 1-5 vols. 
acetone. The heparin samples showed a sulphur content of about 11 %, calcu- 
lated on air-dry substance. Only 3-5-4% was precipitated directly with barium 
chloride in slightly acidic solution. The remainder, about could be pre- 

cipitated only after acid hydrolysis (see Table ITT). 

In view of this high content of ester sulphates particular attention was paid 
to the possibility that the chondroitinsulphuric acid might prevent the ])recipi- 
tation of the barium sulphate*. The free sulphates wen* first pr(*cipitated with 
barium chloride in 0-1 A HCl solution. After hour the precipitate was 
collected in a Neubauer-Gooch microcrucible. Then the solution was left standing 
for 24 hours at room temperature, without any formation of a new' precipitate. 
On adding a definite* amount of sodium sulphate (corresponding to 27*2 mg. 
Ba804), a precipitate* immediately formed, which was collected aft(‘r an hour, 
about the theoretical amount of BaS04 (2S-2 mg.) being recovered. The same 
experiment w^as repeated several times wdth the same restilt. When the solution 
was boile<l, however, a precipitate formed w^hich for two samples agr(*ed well 
with tht* total amount of ester sulphates. 

Further and definite proof of the correctness of this analysis w^as obtained 
by means of dialysis in a collodion sac and eleetrodialysis through a parchment 
membrane. In both cases only the free sulphat<*s w’ere found in the* outer and 
anod(' liquor, and about the theoretical amount of ester sulphat(*s in the inner 
liquor. 

S(*eing that 7-5 sulphur requires aliout 28 ‘Jo ash, calculated as magnesium 
sulphate, the high ash content of the heparin preparations of previous inv(*sti- 
gators apparently originates from the ester sulphates. In a sample with IT % S 
the corresponding figure is 42 % . The ash content of the author's heparin pre- 
parations agreed w(41 wdth this figure. Thei'e w^as also a striking eorresponden(*e 
in tlu* ash content of the purest, heparin preparations referred to later wdth the 
figures cal<uilat<*d for th(* ash from the S content. 

Tabh* ITT. The, partition of sulphur in the heparin preparations. 


”o of air-dry substances. 


Preparation 

1 

.> 

3 

4 

5 

Total sulphur 

— 

— 

— 

12*30 

JMl 

1008 

iMr> 

11*20 

12 40 

11 02 


am) 

IM8 

1M5 

12*19 

10*82 

Average 

10*64 

1M7 

11*18 

12*34 

10*98 

S in free sulphates 

— 

— 

— 

4 74 

4*09 

3*88 

3*40 

3*86 

4*79. 

4*09 


3*62 

3*52 

3*85 

4*72 

4*27 

Average 

3*75 

340 

3*86 

4*75 

4*15 

Total 8 less S in free sulphates 

6*89 

7*71 

7*32 

7*59 

6-83 

Calc, for 2 atoms S per mol. chondroitin 
Calc, for 2*5 atoms S per mol. chondroitin 

.->•75 

6-20 

5*94 

5*85 

— 

7*13 

7*83 

7-43 

7*32 

— 

Calc, for 3 atoms S per mol. chondroitin 

8*55 

9*39 

8*91 

8*78 

— 


As is evident from Table IT, the samples analysed here consisted of ohon- 
droitin and ash almost exclusively. The fairly accurate Tollens-Lefevre method 
allows such a conclusion to be drawn, particularly as the hexosamine content 
was almost theoretical and acetic acid was found to be present. This being the 
case, it will be necessary to assign the ester sulphates to the chondroitin, w^here 
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already about 3 % sulphur is fixed as chondroitiiisulphuric acid. Consequently 
the question of a ohondroitinpolysulphuric acid must be considered. 

The content of eater sulphates in the purified heparin })reparatioris is given 
in Table III. The figures are to be considered somewhat uncertain, since there 
is no proof of the quantitative recovery of the free sulphates. Repeated analyses 
gave figures slightly deviating from those giv^en in the tabh% although without 
impairing the results. The amount of eater sulphates corrc'sponded to about 
2*5 atoms of S })er mol. of chondroitin. Seeing that, both in the hexosamine 
and in the hexuronic acid, there an' three hydroxyl groups available for esteri- 
fication, a tri- or di -sulphuric acid would be th(' most likely to oec;ur. Levene 
[1925J tentatively assigns the sulphur group of the chondroitin sulphuric a(‘id 
to Cg of th(' hexosamine. 2*5 atoms of S per mol. of chondroitin would require 
that one of the sulphat e radicals combines with 2 mols. of chondroitin. A more 
plausible' explanation would therefore be that the' sam})l(‘s contain a mixture 
of difierent chondroitinsulphuric acids. In sjntc' of the similarity in the chemical 
properties of these acids it was possible by means of alkaloids to separate a 
fraction having the composition of a cliondroitintrisulphuric acid and showing an 
increased heparin activity, wlu'n'as tht' chondroitinsulphuric aeiel isolated fr'om 
the mother liquor showed a lower sulphur content. 

Tht properties of the. purified heparin pa ration-'^. 

The prt'parations of heparin anah^sed showed the profX'i-ties descrilx'd by 
the previous investigators. No jrrecipitate w^as obtained with nuial salts. exe<'pt 
with basic lead acetate, wiiicii also juH'cipitates chondi’oitinsulfrhui i(‘ acid. 

For the study of the solubility of the different salts of lu*paiin and of 
chondroitinsulphuric acid they w^ere electrodialysed with a ])arelim('jit m('m- 
brane to almost neutral reaction of the* cathode' liquor. The fr c'c acids w c're then 
neutralised in small portions with alkaline sedations of tlie differc'iit mc'tals. 

The free acids are soluble in an excess of methyl alcohed, ethyl alcohol, 
acetone and glacial acetic acid. The sodium, potassium and ammonium salts, 
when dissolved in several volumes of these' licpiids only fiocculatt' aftcu* addition 
of a certain amount of foreign electrcdytos. A solution of tlic' calcium salt show s 
no o])aIescencie on the addition of 1 vol. of methyl alcohol, slight o})al(‘scence 
with I vol. of ethyl alcohol and fioeeulates with 1*5 vols. of ac'-efone. The barium 
salts are readily precipitated in these conditions. The' magnesium salt nc'cds for 
its precipitation the addition of some sodium chloride*, wiucli is extensively 
used in the jireparation and purification of heparin. 

These jiroperties are common to heparin and chondroitinsulphuric acid, as 
is the prec'ipitability of their salts by means of glacial acetic* acid and basic lead 
acetate. In one respect, however, there is a difference. Heparin flocculates on 
the* addition of an excess of barium hydroxide whc'reas <*lumdroitinsulphurio 
acid remains in solution. This ju'operty however has been jiroved by the ])revious 
investigators to be of little or no value in the purification of heparin. 

A notc'worthy difference w^as found in tht'ir behaviour towards alkaloids, 
particularly in the solubility of their brucine salts. The elec trodial \ sed solutions 
were iK'utralised with solutions of the alkaloid bases in methyl alcohol. Morphine 
and cinchonine gave no precipitate. With quinine, both heparin and chondroitin- 
Rulphuric acid fiociculated in the cold, but with brucine only the heparin pre- 
cipitated. After removal of the brucine fi'om this precipitate a pre[>aration was 
obtained showing a content of hexuronic acid, hexosamine and ester sulphates 
calculated for a chondroitintrisulphuric acid. 
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The separation of a chondroiiintrisulphuric acid from the 
purified heparin preparations by means of alkaloids. 

On adding morphine, cinehoninc, })rucine and quinine, or their salts to a 
neutral solution of he]:)arin, a pr(*eipitate was obtaim^d onl}^ with quinine and 
its liydrordiloride. When tlu^ precipitate was collected and the base was removed 
with sodium hydroxide and chloroform, and the heparin precipitated wdth 
a(^eton(‘ in the usual way, the content of ester sulphates proved to bt‘ con- 
siderably higher than in the initial material. Jt corresponded well with the 
(ialculat(*d content for a chondroitmtrisulplniri(‘ acid. 

Sf^eing that chon(lroitinsiil})huric acid alsr) gives a sparingly solubh^ quinine 
salt on cooling and fre(*zing the solution, th(‘ precipitate obtained with quiniiK' 
must be conshh'red as less specific. Brucine j)roved mcm^ useful, for the pure 
brucine salt of heparin is insoluble in water, wher(‘as chondroitinsuljfiuiric acid 
do(‘s not give any ])reci])itatc with brucine under th(‘ same conditions. A brucine 
salt of heparin stated to be crystallim* was also prepared by Schmitz and Fischer. 

In onler to obtain tiu* pure bruciiK' .salt, the posit]V(‘ ions of the luqiarin 
sainph's, as wdl as th(‘ free sulphat(‘s were removeal by el(a*trodialysis. When 
the strongly acid solution of th(‘ inner cell was nenitralisc'd with brucine dissolved 
in methyl alcohol, e»nly a slight ofudesceuice a})pe‘ared. When the solution was 
k<‘})t in th(' cold and frozen 2 or 3 times during the course of a we(‘k a con- 
siflerabl(‘ amount of ])r(‘ci])itate scparat(‘d. The bruciiu* salt si'ttled out in 
s|)heiical masses miuii lik(‘ crystals of crude leucine, wnlhoiit any other visibk* 
})articles in tin* microscopic field. On boiling with sufficiemt water, the pre- 
cif)itate dissoiv(*d and could be ]mrifi(‘d by repeating this procedure. 

As no e(‘rtain conclusion can be drawn fnun the anal\sis of the lirm'ine salt, 
th(‘ ]>reeif)itate and the mother-liquor wero analy.siHl after removal of the brucine. 

The material rec<)ve]*(‘(l fiom the insoluble brucine salt again sIiowimI a content 
of about 20 of uronic acid an<l a sulphur content corresjionding within 3-4% 
to the calculated figures for a chondroitintrisulphuric acid. The h(‘XO.samine 
content, (hdet mined with the EhiiiOi reagent as recommended by Elson and 
Morgan also agret‘d with the theoretical figure. 

The substance recovered from the mother-liipior after removal of the in- 
soluble brucin(‘ salt show^sl about the same or a slightly higher content of uronic 
acid and h(‘xosamiue, and a sulphur content sornew hat lowTr than would be the 
case in a chondroitindisulphuric acid. 

The us(‘ of brmine in isolating the trisulphuric acid is thus \ery valuable. 
If the sanK‘ experiment is repeated with (iectrodialysed (iiondroitinsulphuric 
acid, only a trace* of brucine salt settles out when the solution is froziui.The 
substance recovered from this precipitate in one experiment w^as only 2*4 % of 
th<j amount of chondroitinsulphiiric acid recovered Irom tlu* mother-liipior. 

After this fractionation of the hci)arin samples by means of brucine, the 
heparin activity proved to be increased in the material recovered from tht* 
brucine precipitate and decreased to 1/3- 1/4 in the material obtain(*d from the 
mother-liquor (see Table \T). 

The purest preparations of heparin thus obtained shown*d rather more than 
10 times the activity of the commercial preparations of Kahlbaum and of 
Hynson, Westcott and Dunning, Baltimore (see Table VJI). 
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Expeeimental, 

The crude heparin was prepared from ox and horse liver as described by 
Charles and Scott. The material was first autolysed with toluene at 40® for 
48 hours. The yield varied greatly as well in amount as in activity. It was not 
possible to make a thorough study of these details. A description of the details 
of the prejjaration and purification of the heparin will therefore be postponed 
until more experience has been gained. 

The crude heparin was about 2 or 3 timers as strong as the commercial 
pre})arations (see Table IV). In the first treatment w’ith Lloyd’s reagent about 
70 % of the material was removed, without any considerable loss of activity, 
the product now being about 7-8 times as strong as commercial heparin 
(Kahibaum). When this product was treated once or twice more with the ad- 
sorbing agent, the activity was but slightly increased. A considerable amount of 
contaminating material was however removed, as will be seen from Table II. 
The amount of protein possibly present was reduced from 11 to 2-3 % , as calcu- 
lated from the N content of the samples, possible small amounts of ammonium 
salts being neglected. (Preparations Nos. 1-3 of Table 11 were obtained from 
the first preparation of the same table.) 

The analysis of the material thus obtained is given in Tables 1 and II. 


Table IV. Time of coagulation, in hours, of ox blood at room tnuperature. 


mg. heparin per 100 ml. of blood 
(air-diy sunstauct*) 








10 

5 

2*5 

1*25 

0*02 

o;n 

010 

Heparin (KyiiHon, Wosteott and 

.5-0 

5*0 

2*5 

0 5 

— 

— 

— 

Dunning.) Lot No. 120 

5*5 

50 

25 

0-5 

— 

— 

— 

5-5 

5*5 

1-5 

0*75 

— 

— 

— 


5-5 

2-5 

1*5 

0 75 

— 


— 

Heparin (Kahibaum) 

50 

50 

2 5 

L5 

— 


— 

5*5 

5 5 

2-25 

0*75 

— 




50 

2-5 

1-5 

0*75 


— 

— 


5*5 

2-25 

10 

0*75 


__ 


Crude lioparin 

— 

— 

5'5 

2*5 

0*5 

25 mins. 

— 

— 

— 

oC) 

1-5 

0-75 

35 „ 

— 



— 

5-5 

2-25 

1-25 

25 

— 


— 

— 

2*5 

1-5 

0*5 

20 „ 


Heparin after the first treatment 

— 

— 

— 

5'5 

3-25 

10 

0-25 

with Lloyd’s reagent 

— 

— 

— 

5-5 

5*0 

1'75 : 

25 rains, 

— 

— 

— 

>50 

2-25 

1-25 35 .. 


— 

— 

— 

>55 

2-5 

10 

0-5 


Preparation of the trisulphuric acid by means of brucine, 

3 g. of preparation 4 were electrodialysed in 170 ml. of water for 9 hours (at a 
current of (iOO inilliamps,), the temperature being kept holow 25® (volume after 
dialysis 190 ml.). 150 ml. of this, corresponding to 2*4 g. of preparation 4, were 
neutralised with brucine and the excess of the base was removed with chloroform. 
The solution was kept in an ice-box and frozen repeatedly during the course of 
a week. TIk' insoluble brucine salt was collected and washed with water in a 
centrifuge-tube. The weight of the air-dry substance was 1-8 g. The precipitate 
and the mother-liquor were treated separately with 20 ml. N NaOH and the 
brucine removed with chlorpform. After neutralisation of the solution with HCl 
some magnesium chloride was added and the heparin precipitated with L5 vols. 
of acetone. On the next day the precipitate was dissolved in about 10 ml, of 
water and reprecipitated with about 100 ml. of acetone. 
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The yield of air-dry substance from the brucine precipitate was 580 mg. and 
from the mother-liquor 500 mg. 


Material recovered 

from brucine Material recovered 

precipitate from mother- liquor 

O ()/ 


Moisture 

Ash 

CO 2 from uromc acid 
Hexuronic acid eijuiv, to CO 2 
HexoRamine found 
Hexosamme calc. 

Sulphur 

8 calc, for 3 atoms per mol. uronic acid 
S calc, for 2 atoms jier mol. uronic acid 
Acetic acid 


14-82 

33-30 

4-99 

22-02 

17-5 


19-6 

10-671 p.- 

10-42[ 

10-89 


1-46 


17-70 

37-27 

5-5 

24-25 


7-42 

7-29 



8-0 


In another experiment performed in the same way 2 g. of preparation 4 were 
(dectrodialysed. The insoluble brucine salt which separated on freezing the solu- 
tion was dissolved in 200 ml. of boiling water. After filtration through a hot 
funnel, the clear solution was left standing for 2 days in the cold and frozen. 
I'he same proe(‘dur(‘ was repeated once more with the precipitate which settled 
out. From the brucine salt, 475 mg, of air-dry heparin were recovered (moisture : 
8-35%: 8: 11*40 and 11-58%, mean 11-49%; on di*y substance 12-54% S). 

The previous exiH‘riment yielded a substance containing 12-34 % S calculated 
on dry substance with a recovery of 30% of the uronic acids present in the 
initial material (preparation 4). 

In spite of the twice i‘e])eatt*d repi'ecipitation of the brucine salt from water, 
the yield in this exjieriment was about the same, and the sulphur content 
differed but slightly. 

The heparin fi-om this exjx'riment was mixed witli the material recovered 
from 3 g. of another heparin sample treated in exactly the same way. The 


mixture was submitted to analysis. 

I) 

/O 

Moifttxire KvuG 

Ash 29-20 

0<>2 from uronic acids ... ... ... ... ... 4-69 

Hexuronic acid equiv. to COg 20-70 

Hexusaminc ... ... ... ... ... ... 17-10 

Calc, from 8 content 10-8 

8 10-63 

Calc, for 3 atoms 8 per mol. hexuronic acid 10-23 

Acetic acid ... 1*67 


The Tollem-Lefevre wetliod> of analysis. There are many modifications of the 
Toliens-Lefevre method for the determination of uronic acids. At first the 
technique of Dickson et al [1930] was employed; during the course of the work 
it was found necessary to change many of its details. 

The inlet air was freed of CO 2 in an effective wash-bottk^ with con(;entrated 
potassium hydroxide solution. A fj-shaped glass tube between the wash -bottle 
and the boiling fia.sk rendered the escape of COg backwards more difficult. 
Instead of a silvt^r nitrate solution, solid silver sulphate suspended in water 
was kept in the trap for collecting the hydrochloric acid distilled over. The 
suspension was renewed after two analyses. 

Seeing that the original technique of Dickson, Otterson and Link tended to 
give irregular figures 10-15% too low in the analysis of known substances, 
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the influence of several factors was studied. More satisfactory results were only 
obtained after making the following changes. 

The heating bath with Wood’s alloy was kept at 145-150^ during the hydro- 
lysis, which was continued for 4 hours. Two microburners were used. The radia- 
tion of heat and the cooling by the refluxing liquid kept the temperature 
constant. 

The strength of the hydrochloric acid was increased to 20 % . One volume of 
concentrated hydrochloric acid was mixed with 1 vol. of water. Owing to these 
changes somewhat more hydrochloric acid distilled ov(*r, but with satisfactory 
cooling and an efficient trap this disadvantage did not im]:)air the results. On the 
contrary the yield of COo agreed in almost every analysis with the calculated 
figure. 

Furthermore, the (excess of barium hydroxide was not titrated directly with 
0*1 hydrochloric acid, but only after removal of the barium carbonate. In 
the direct titration there is a possibility that, even if the dask is shaken 
vigorously, th(^ hydrochloric acid may react w'ith the barium carbonate^. The 
glass beads w('re cpiickly w^ashed with CTlg-free water in a suction funnel and the 
barium hydroxide was titrated in the suction flask. O-KV HOI was added in 
excess, the solution boiled and titrated with 0*1 A" alkali against phcuiolphthahun. 

For each analysis 250-300 mg. of the heparin ])r(‘parations w^ere taktm. The 
reliability of the figures obtained w^us ch(‘ck(‘d by analysing corresponding 
amounts of known substances bedbre^ and aft(*r tht' analysis of the hc'parin. For 
this purjiosc a sample of c*hondroitinsulphuri<? aide! preparcnl by the author’s 
method [Jorpivs, 1929J and an analytically pure cr-ystallinc‘ sam]>h^ of thc' 
glycuronogalactosc^ isolated by Butler and C^retehc^r [l929| from gum arabi<' 
were used. The figure calculated for the (JOg in the Tollens-I^'fevre analysis of 
the chondroitinsulphuric acid w^as 0-5 %: found 0*50, 0*70, 0*57 The corre- 
sponding figure calculated for thi* glucuronogalactose, . 2 HoO is 1 1*22 % : 

found 1M0%. 

The color iwetric thderwinaiionH of hexommhie were mark* by the nudhod of 
Elson and Morgan, both on the mix(*d chondroitinsulphuric acids (preparation 1) 
and on the two samples of the suf)post*d trisiilphune acid reeoveu-ed from the 
insoluble bruedne salt. The hydrolysate after the Tollens-Lefevre analysis could 
be* used for this purpose. Otherwise 50 mg. substance wert^ liydrolyst'd in 7 ml. 
of 12% hydrochloric aedd for 3 hours over a free flame. The hydroehlorie acid 
was removed by distillation. After neutralisation the volume was made up to 
10 ml. and 0*4-1 -Oml. of this solution was used for a test. G<*nerally thrive different 
concentratkins were aiialystid in dupli(*ate. Each time four ditferent coiujcn- 
tratioiis of glucosamine between 0*3 and 1 mg. were used also in duydicate as 
standards. The readings W(‘re plotted on a semi logarithmic paper, the logarithmic 
ordinates corresponding to the scale Headings of the Zeiss step photometer. In 
spite of the great variations of the single analyses a good apyiroximation to the 
hexosamine content was generally obtained. The mi^thod is a real advance on 
the older one of Zuckerkandl and Messiner-KJebermass [1931]. 

The weak alkaline solution with the acetylaeetone (volume 3 ml.) was heated 
at 90” in a water-bath for half an hour. After cooling 5*5 ml. of 95% alcohol 
were added. When the strongly acid Ehrlich reagent was added, air was blown 
through the solution and the volume was made up to 10 ml. (Filter S 53. 
Cups 0*5 cm.) 

On the analysis of preparation 1 on three different days the figures 12*3, 
12*9 and 14*4% calculated on air-dry substance were found. The content of 
bexuronic acid, 17*23%, would require 16% hexosamine. 
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In the supposed chondroitintrisulphuric acid recovered from the insoluble 
brucine salt of the first experiment the figure 17*5% was found, for the acid 
recovered in the second experiment 16*9 and 17*3%. The figures calculated 
from the sulphur content were 19*6 and 19*8% respectively. Forchondroitin- 
sulphuric acid treated in exactly the same wa}^ the figures 22*3 and 20*5 % were 
found on two different days ; calculated 26*5 % . 

From these analyses it is evident that all the heparin samples contained 
1 mol. of hexosamine per mol. of hoxuronic acid. 

The content of acetic^ acid was first determined by the* method of Kuhn and 
Koth [1933J, hydrolysis with alkali in methyl alcohol being employed. The figures 
obtained agreed well with those calculat<‘d and were used in the preliminary 
report [Jorpes, 1935] as evidence of the chondioitin structure of the preparations. 
The method had unfortunately been checked only on penta-acetylglucose. When 
the preparations were later on submitted to acid hydrolysis either with 25% 
sulphuric acid according to Levene and La Forge [1913] or with p-toluene- 
sulphonic acid according to Friedrich and Eapoport [1932] a much lower acetyl 
content was found. All the analyses werii tht*refore n'peated with the last 
method. For chondroitinBuiphuric acid figures which wert^ only slightly (3%) 
too high were obtained by this method^. 

Foi' the sulphur determinations a sufficient amount of substance was taken 
to give a precipitate of barium sulphate weighing 20-40 mg., which was collected 
in a Neubauer-Gooch platinum-iridium microcaneible. Fusion was efteetod with 
sodium carbf)uate and potassium nitrate in porcelain criujibles. 

Th(' free sulphates wen* precipitated wdth barium chloride from 0*1 hydro- 
chloric acid solution. The precipitate could be filtered aft(T one hour. In N 
hydrochloric acid 24 houi's were necessary for a complete precipitation of the 
free sulphates. 

After boiling for 1 or 2 hours with 10% hydrochloric acid the ester sulphates 
wert‘ split off*, in preparation 2 of Table ill 10*87 and 10*41 % S were thus ob- 
tained after acid hydrolysis. The content of total S found on ignition was 1 1*17 % . 

Dialysis and electrodialj^sis were employed to remove the free sulphates and 
the positive ion.s from the heparin preparation. By electrodialysis the free acid 
and its alkaloid salts could easily bo prepared. 

The electrodialysis was performed with an apj)aratus constructed by 
E. Hanimarsteii [sec? Agren, 1934]. 150-200 ml. of solution can be dialysed at 
one time. The solution is cooled by circulating acetone from a store flask with 
solid carbon dioxide. 

200 mg. of preparation 2, dissolved in 10 ml. of water, w'ere dialysed against 
water in a collodion sac. The outer ffuid w^as changed daily during 3 days. Its 
volume was 1500 ml. The free sulphates found in it corresponded to 3*6% S 
in the sample, whereas the calculated figure was 3*46%. It did not contain 
any ester sulphates. 

in two experiments with electrodialysis the heparin activit^y and the partition 
of the sulphates were observed. In the first experiment 200 mg. of preparation 2 
were dissolved in 20 ml. of water and electrodialysed in a smaller apparatus for 
2*5 hours. The current through the solution decreased from 500 to 380 milliamps. 
in half an hour and then remained constant. The sulphur of the free sulphates 
found in the anode liquor corresponded to 3*45 % of the heparin sample (calcu- 
lated 3*46 %). In the inner cell no definite decrease of the heparin activity could 
be shown. In the anode liquor about 1 % of the heparin activity could be traced, 
in the cathode liquor none, 

^ All these analyses were made by Sune Borgstrum, medical student, 

Bioohem. 1936 xxix 
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When this experiment was repeated, the content of ester sulphates found in 
the cell after dialysis corresponded to 7*3% of the sample (calculated 7*71%). 
The sulphate-S found in the anode liquor con-esponded to 3*2 % . On the liquor 
of the cell a thorough biological assay was made, showing no decrease in the 
anticoagulating activity (see Table V). 

Thus neither the ester sulphates nor any heparin activity arc lost during 
electrodialysis. 

Table V . Heparin activity of the cell liquor before and after electrodialysis. 


200 mg. of preparation 2 in 20 ml.; 500-S80 milliamps. half an hour and 380 milliampH. 2 hours. 


mg. heparin jx;r 

6 before and 

a after electrodialysis. 










loo ml. of blood... 

1-25 

0*63 

0-31 


016 










a h 

a 

'h 

a 

r 

h 

a 


Time of coagulation in 

hours. 




Stand 1 >24 

>24 10 

10 

3-5 

3-5 

0-75 

0-75 

2 >24 

>24 10 

4 

2-75 

2-75 

()*5 

0-5 

3 >24 

>24 8 

8 

3 75 

3-75 

10 

1-25 

4 >24 

>24 10 

10 

1*5 

2-75 

1-5 

1-5 

5 — 

— 3 

3 

1*25 

1-25 

0-75 

0-75 


Table \1. The heparin activity of the supposed chondroitintrisulphuric acid and 
of the acid recovered from, the brucine mother -liquor^ as contjtared vdth the 
actiinty of the initial material {preparation 2). 

1 — preparation 2. 

2 —the trisulphunc acid (580 mg.) recovered in the first experiment. 

3 — the substance (500 mg.) recovered from the mother-hqiior. 

4 — trisiilphuric acid (475 mg.) recov'cred in the second expenmeni . 


Sample ... 

2 

1 

2 

1 

2 

1 

2 

1 

mg. heparin p 

i*r 








100 ml. of blood 


1-25 

0-63 

0-31 



01 (3 













Time of coagulation in hours. 


f — 


Stand 1 

— 

— 

3-5 

3-5 

2-5 

2-5 




2 

>11 

11 

35 

2'5 

2 5 

2:> 




3 

>11 

11 

3*5 

25 

2-5 

1*5 




4 

>11 

11 

3-5 

y 

2-5 

2-5 

— 

— 

Sample 

... 4 

1 

4 

1 

4 

1 

4 

1 

Stand 1 

— 

— 

>11 

2-5 

1*25 

0-5 

0-5 

0*6 

2 

— 

— 

>11 

1-5? 

2-5 

0*5 




3 

>11 

U 

11 

3-75 

2-5 

1*25 

0-5 

0*5 

4 

24 

11 

11 

3-5 

2-5 

1-5 



5 

>24 

24 

24 

11 

2-5 

1-5 

— 



Sample 

.. 3 

1 

3 

1 

3 

1 

3 

1 

Stand 1 

2-5 

11 

15 

6-5 



2-5 



2 

2-5 

— 

1-5 

6*5 



2'5 




3 

2*5 

24 

1-5 

3*5 

— 

2-5 




4 

2*5 

— 

1*5 

6*5 

— 

2*5 




5 

2-5 

U 

1-5 

6-5 

— 

2*5 






The biological assay. 

Several attempts to use rocalcified oxalate blood only showed the complete 
unreliability of this technique. As cats could not be used because of the expense 
involved, an attempt was made to use horse blood. The blood was filled directly 
from the vein into small test-tubes containing a certain amount of heparin 
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solution. The next stop was to collect ox blood from the newly opened vessels 
at the slaughter house. This source of blood would evidently be the cheapest. 
Fortunately it proved to be quite satisfactory. 

The blood was quickly decanted from paraffined vessels into series of small 
test-tubes (70x8 mm.) accommodated in a stand (30x4x2 cm.). The tubes 
had a capacity of 2*5 ml. and contained 0*2 ml. of heparin solution and a glass 
bead. Each stand contained 10 tubes fixed in holes. All the tubes could be 
simultaneously tightly closed by lowering the strongly attached cover, which 
was faced underneath with rubber. After the tubes were filled with the blood, 
the cov(?r was quickly lowered and fixed, and the stand turned over several 
times. The time that elapsed before the glass bead no longer moved freely 
was taken as the time of coagulation. The tubes were left standing at room 
temperature. Readings were made at shorter intervals at the beginning, the 
last ones after 10, 12 or 24 hours. Between 10 and 20 stands were used each day. 

The strength of an unknown sample was checked against a known in two 
w^ays. Either 5-6 stands were used for each sample of heparin, as in Table IV, 
or each stand contained 4 or 5 different concentrations both of the unknown and 
of the known sample, as is shown in the other tables. 

The second method is to be preferred. The individual variations of the blood 
from different animals are hereby eliminated. 

Hiff'erences smaller than 20-30 in the activity can hardly be expectt‘d to 
be distinguished with this technique. 

In order to compare the purified heparin preparations with those of Charles 
and Scott, some experiments were performed on cats. Two of the animals gave 
a unitage of 450 and 540 })er mg. of preparation 3. These experiments were 
performed by O, Wilander. 

Tabl(‘ VII. Hejxnin activity of the commercial preparations, as coynpared 
with the activity of the supposed chondroifintrisulphuric acid. 

1 ' the heparin ren'ovoivd from the insoluble bruoino salt in the second experiment. 

2 - heparin (Kahlbauin). 

3 - heparin (Hyiison, Westoott and Dunninf?). Lot No. 12(). 


mg. heparin pi»r 





1() 

0-lG 

100 ml. of blood... 

6*3 

0()3 

3*2 

0 32 



Time 

of coagulation in hours. 



Preparation 

2 

1 

2 

1 

2 

1 

Stand 1 

3 

5 

1 

>1 

1 

1 

2 

8 

:'8 

3 

3 

1 

1 

3 




3 

5 

1 

2 

4 

8 

>8 

2 

3 

1 

1 

1 ‘reparation 

3 

1 

3 

1 

3 

1 

Stand 1 

7 

>8 

3 

5 

1-5 

2 

2 

8 

>8 

2 

3 

l*2o 

2 

3 

5 

8 

3 

3 

2 

2 

4 

5 

>8 

3 

3 

2 

2 


Discussion. 

The first question to be answered is whether the substances analysed were 
identical with those of the previous investigators or not. At first it seemed 
unlikely that some of them should have overlooked the nitrogen (jontent 
[Schmitz and Fischer, 1933]; and it is still more surprising that no mention is 
made in the literature of the sulphur. Only in one place is it mentioned that 

116—2 



1828 


E- JORPES 


heparin contains calcium and sulphuric acid, namely in the list added to the 
heparin (Kahlbaum). Here the routine analyst apparently, and not the research 
chemist, made the note. 

There are several considerations which almost make the presence of these acidic 
groups in heparin necessary. First the ash amounting to 25-35 % can hardly 
be explained without them. 1*5 vols. of acetone do not precipitate any sodium 
chloride added to the solution in order to facilitate the flocculation. Further- 
more there is a striking similarity to the properties of chondroitinsulphuric acid. 
The most convincing evidence however is that the supposed chondroitintri- 
sulphuric acid prepared from the liver shows such a strong heparin activity. 
It might be mentioned that preparations 1-5 of Tables 1 and TI have a nitrogen 
content 1*63-1*93% and an ash content 38*4-41*5% of about the same order 
of magnitude as those of Charles and Scott. The general properties are quite 
identical. An attempt to test the heparin with cats gave also the same results, 
about 500 units per mg. substance. 

Schmitz and Fischer describe a brucine salt stated to be crystalline, which 
they prepared from brucine suljjhate and the barium salt of heparin. Their 
pmdfied product was 32 times as active as th(‘ crude material obtained from 
Kahlbaum, which contained 8% of phosphorus, partly in nucleic acids. That the 
chondroitintrisulphuric acid forms an insoluble brucine salt and is more than 
10 times as active as the commercial products of to-day, is also an indication of 
the idcmtitj" of the different heparin samples. 

The heparin preparations of Tables I and 11 have a uniform composition. 
Even if there is uncertainty as regards the uronic acid analysis, the assumption 
that the preparations consist of esters of sulphuric acid and chondroitin seems 
justified, and it is strongly supported by the results of th*^ treatment with 
alkaloids. After the regeneration of the heparin from the alkaloid salts, prepara- 
tions were again obtained with a similar composition except for the sulphur 
content, which now agreed exactly with the calculated figure for a chondroitin- 
trisulphuric acid. The fractionation very strongly supports the view that the 
heparin activity belongs to this acid and not to any impurity. As tliere is not 
much hope of obtaining these acidic polysaccharides in a real crystalline state, 
the formation of a brucine salt, which can be reprecipitated after solution in 
boiling water, with the heparin activity not only preserved but increased as 
compared with the original material, seems at present to be satisfactory evidence 
of such a conclusion. 

It is furthermore interesting to not-e that this supposed chondroitintrisul- 
phuric acid, which apparently will prove to be the strongest acid of the animal 
body, bears a resemblance to all the synthetic anticoagulants, which are sul- 
phonic or polysulphonic acids. Liquoid Roche is a salt of polyanetholesulphonic 
acid. Congo red, germanin, Chicago blue and chlorazole fast pink are all of them 
polysulphonic acids [v. Huggett and Rowe, 1933-34]. 

Even if the presence of the three sulphuric acid radicals makes it probable 
that the anticoagulating activity is located in them it is too early to make definite 
statements without further proof. In any case the acetamido-group seems to 
be of no importance for the heparin activity. In Table JI the content of acetic 
acid varies between 2*24 and 4*10%, and in the trisulphuric acid it is only 
about 1’5%. Seeing that the content of uronic acid and hexosamine is almost 
constant in all the samples and slightly higher in the regenerated ones, it is 
evident that the acetyl group is split off during the preparation. At an early 
stage of the preparation, the material is heated to TO"" at a slightly alkaline 
reaction, and during the regeneration from the brucine salt it is kept in N 
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sodium hydroxide solution for an hour or more. The heparin activity is not 
unfavourably influenced by this. 

There is, however, one detail, which is in disagreement with the previous 
discussion, namely the negative naphthoresorcinol reaction. As stated by 
Charles and Scott it is negative even in concentrated solutions. If the reaction 
is performed simultaneously under quitch similar conditions with heparin and 
chondroitinsulphuric acid, and the coloured substance is taken up in benzene*, 
a marked difference will be seen. The test with heparin is almost or quite negative. 
With Howell’s technique it was found positive. Furthermore the evolution of 
carbon dioxide on acid hydrolysis cannot be explained without the presence of 
a uronic acid. The similarity with the chondi‘oitinsulphuric acid is also very 
striking. The only possibility, which could explain this discrepancy, is, that 
the ester sulphates may be united vdth the uronic acid, thereby retarding 
or preventing the colour formation. 


Summary. 

Heparin, the anticoagulant from the liver, was purified by the method re- 
commended by Howell and by Charles and Scott. After a certain degree of 
purity was reached, no further purification seemed possible. The samples were 
then analysed and found to (*ontain about 17-19% of hexuronic acid and the 
amount of hexosamine calculated for 1 mol. of hexosamine per mol. of uronic 
acid. Acetic acid was found to be ])resent. 

The organic rnatfu’ial of the heparin samples therefore seemed to be chon- 
droitin. 

The ash, amounting to 4-0 % of the air-dry substance, consisted of magnesium 
sulphato. Only a small part of the sulphate in he])arin could be precipitated 
with barium chloride, the remainder occurring as ester sulphate. For each mol. 
of choiidroitin about 2*5 mols. of sulphur were found as ester sulphates. 

These components together made up more than 90 of the h(*parin samples. 
The analysis thus indicated that the heparin was a ehondroitinpoly sulphuric 
acid. 

On dialysing and electrodialysing both the ester sulphates and the heparin 
activity remained in the collodion sac or in the inner cell. On neutralising an 
electrodialysed solution of heparin with brucine and cooling the solution, an 
insoluble brucine salt slowly settled out. The substance recovered after removal 
of the brucine showed a stronger heparin activity than the previous samples 
and a content of uronic acid, hexosamine and ester sulphate corresponding to 
the composition of a chondroitintrisulphuric acid. 

As regards the nature of the active group, the presence of the sulphuric acid 
radicals is the most prominent feature in the structure of heparin. All the 
synthetic anticoagulants, e.g. Liquoid Roche, germanin and Chicago blue are 
also strongly acidic, all of them being polysulphonic acids. 

The author’s thanks are due to Stiftelsen Therese och Johan Anderssons 
mimie for several grants during the past years. 

Grateful acknowledgment is made for the valuable assistance of Olof 
Wilander and Sven Linde during the performance of this work. 
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CCXIV. SPECTROMETRIC MEASUREMENTS 
ON VARIOUS CAROTENOIDS. 


By albert EDWARD GILLAM. 

From the Chemistry Department, Manchester University, 

{Received June 20th, 193o.) 

In a previous investigation involving the sj)ectrophotoni(‘lric determination of 
carotene and xanthophyll in grass extracts fGillain et ah, 1983] it was found that 
the determination of tin* blue colour with antimony trichk)ride (intcvisity of 
absorption at 585-090 gave higher values than w(Te to be expect(‘d from 
th(' carotenoid content as determined by the yellow colour. It was considered 
possible that the diserepancy might be due to the presence of small amounts of 
(carotenoids, differing from caroteiu^ and xanthophyll in Ix^ing much more 
strongly chromogenic toward.s antimony trichloride. In addition to direct 
search for the disturbing factor, it was de(dd(*d to determiiK' the intensity of 
blue colour developed with antimony trichloride and various known earotcuioids, 
witli a view^ to finding su(*h a highly chromogenic* substance as has b(‘en }) 0 stu- 
lated. As such a substance is not yet forthcoming, the pr(‘sent communication 
serves to record 1h(^ cpiantitative visible and ultraviolet absorption spectroscopic 
data in chloroform, and visible data in ehloroformic antimony trichloride, for 
such purt‘ carotenoids as have bexm available*, with a view to their subsequent 
use in the sp(*c‘tromotric determination of th(*s(^ pigments. 

Tilt determinations were made photograpliically for the most part, using a 
Hilger E 3 quartz spe('trogra])h and either a S])ekk('r or a sector photometer, 
but absorption in the visible was also det(*rmined on a Hilger-Nutting visual 
spectrophot-omeher (Table I). The examination of the antimony trichloride blue 
colours w^as also made with this instrument, using the technique previously 
applied in the ease of vitamin A [Heilbron ct ah, 1931]. Tht* antimony trichloride 
reagent was made up as a saturated solution in aleoliol-fre(* (hloroform, one drop 
of acetic anhydride being u.sually added in each test to render the solutions 
optically clear. The concentrations were so arranged that the ratio of antimony 
trichloride to pigment solution was always more than 10 to 1 and, wdien the 
colours were transient, the values re(*orded were the mean of many separate 
mixings with the intensity measurements following irnnu'diately. 

Euler et ah [1932] have recorded the visible absoryition spectra of a number 
of carotenoids in both chloroform and antimony trichloride solution, but in- 
tensities were not measured. 

Through the kindness of Prof. Chibiiall and Dr Pollard, of th(3 Imperial 
College of Science, I w^as able to examine a i)urc specimen of j8-carotene from 
cocksfoot grass. This had no detectable optical activity, and M.r. 182^ (corr.). 
Its intensity of absorption was some 10 % higher than that of the best sample 
previously examined [Gillam et ah, 1933]. The new value of 2200, in 
chloroform solution, must therefore be aclopted for future spectrophotomc^tric 
carotene determinations. In light petroleum (B.r. 60-80"") the corresponding 
value was 2500. 

The typical carotenoids, carotene and lutein exhibit absorption spectra con- 
sisting of a group of bands in the visible spectrum, a single bard at 330-350w/>t 

( 1831 ) 



Table I. Absorption spectra of carotenoids in chloroferrm. 
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6 molar =lo^ ^ d) ^>liere molar coiifHitratioii. d -^thiokiit^>s in cm. 

+ Of. Heilbron and Phiper^ [1035] 



Moleculai* extinction coefficients Molecular extinction coefficients 
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and another at 270-280 (Fig, 1). Lycopene (Fig. 2) follows the same general 
outline, but differs in that the two simple ultraviolet bands are each resolved 
into two components. The resolution is only shown easily when a light source 
with a continuous spectrum is used (e,g. an under-water tungsten spark or a 
h 5 ^drogen tube). The curves recorded by Pummerer, et aL [1929], do not show 
this resolution (solvent cyclohexane). 



oU I 1 \ 1 1 

>()(i 4^50 400 350 300 

Fig. 1. Lutein {ex Tagefes) in CHCI3. 



Fig. 2. Lycopene in CHCI 3 . 



Violaxanthin in dilute solution in chloroform appears to be more stable to 
light and air (in glass vessels) than carotene or lutein. On tlie other hand, its 
chloroform solution is very sensitive to short-wave ultraviolet rays. This was 
made evident in determining the ultraviolet absorption spectrum of the solution, 
when the radiations from an iron-nickel arc, even at a distance of 5 f(M3t, were 
sufficient to change the colour of the solution from yellow to green in about 
30 minutes. By irradiation of a dilute solution (about 0-001 %) with a quartz 
mercury vapour lamp, it was observed that: 

(а) In a quartz vessel, the solution rapidly turns green, then bluish green 
and finally colourless. 

(б) The blue solution, which with the yellow of the unchanged violaxanthin 
presumably gives the green colour, exhibits two narrow but intense absorption 
bands with maxima at 411 and 438 m/i (Fig. 4). 

(c) In glass apparatus the solution is unchanged in colour even with exposures 
up to 30 minutes at 8 in. from the lamp. The ultraviolet rays which bring about 
the photochemical change must therefore be of shorter wave-length than 325m/i, 
the approximate short-wave limit of transmission of glass. 



Table II. The colour and absorptimi spectra of the antimony trichloride solutions of the carotenoids. 
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Data by Heilbroii and Murt“n citi*d by Carr and Je\\ell [103S]. 
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The colour change depends upon the decomposition of the cliloroform by the 
short-wave ultraviolet rays with the production of hydrogen chloride, which 
then produces the blue colour with the vioiaxanthin. As might be (expected, the 
blue colour r(' verts to yellow on the addition of alkali. Tliese observations suggest 
a variation of th(i test for vioiaxanthin, in which it gives a blue colour with 25 % 
hydrochloric acid, the variation being to produce tlic colour in the chloroform 
solution by t^xposure to short-wave ultraviolet; rays (mercury vapour lamp). 

The blue colour obtained by the action of antimony trichloride on lutein has 
been examined by Euler d at. [1932] and by Goldiiammer and Kuen [19331, both 
of whom record only one absorption maximum at 5H6?Wju. Under the experi- 
mental conditions used in this investigation the absor])tion band characteristic* 
of the blue solution was found t ;0 lie at iMlmfi with only a subsidiary or masked 
maximum nc'ar 588 mp, and strong absorption in the* red. These maxima were 
obtained wnth four diffcTent crystalline samples of lutein from various sources 
and were also typical of the xanthophyll fractions of sevc'ral spentes of grass 
[Oillani ft ah, 1933]. The visual determination of the wave-length maxima is 
su])])orted by thci intensity measurememts (Table TI). 




Fig. 0. Fucoxaiithin (cx Fikus rcHtcnloi<ufs) in CllClj. Fig. Azatrin methyl ester in CJllCh. 



It is interesting to note that the three hydroxy-polyenes, vitamin A, lutein 
and zeaxanthin, give colours with antimony trichloride, all of which exhibit 
an absorption band at 617~620mp, and another near 585 m/x. The similarity is 
only qualitative since vitamin A shows by far the strongest absorptioti bands, 
being some fifteen times as chromogenio as either of the two xanthophylls. ]i 
has been shown that the addition of 7-methylindole to a vitamin A extract 
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before the antimony trichloride inhibits the formation of the 617-620 w/x band 
completely, leaving only a maximum at 583 m/x [Emmerie et aL, 1931; Morton, 
1932]. The two xanthoph 3 dls behave in a similar manner after this treatment, 
lutein showing two maxima at 585 and 545 m/x and zeaxanthin showing only 
one at 583 m/x. 

The author is indebted to Prof. R. Kuhn, who made this investigation possible 
by gifts of the neees.sary carotenoid pigments, and to Prof. 1. M. Heilbron for his 
interest and for several additional carotenoid samples. Thanks are also due to 
Messrs Imperial Chemical Indiistries, Ltd., for financial assistance. 
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CCXV. THE ALKALINE PHOSPHOMONO- 
ESTERASE OF THE MAMMARY GLAND. 

By SYDNEY JOHN EOLLEY and HERBERT DAVENPORT KAY. 

From the National Institute for Research in Dairying, University of Reading, 

[Received July 1st, 1931).) 

It lias been known for some time [Kay, 1925j that the inaminary gland contains 
an active phosphomonoestcrase of the alkaline typo, i.e, a phosphoinonoesterase 
with an optimum activity in the neighbourhood of pjj 9, superficially similar 
to that ])resent in kidney or bone. The mammary enzyme is of pticuliar interest 
since it occurs in an organ which is continual^ synthesising phosphoric esters 
(caseinogen and the acid-soluble phosphoric esters of milk) from the inorganic 
[ihosphate of the circulating blood [Blackwood, 1934; Liutzcl, 1934; (Graham 
and Kay, 1934]. The net effect of this mammary enzyme (if it is actually con- 
c('rned with the formation of phosphoric esters rn vivo) is tlu^refore, unlike that 
of tlie phosphatase of kidney and bone, a synthetic;, anabolic; one. 

Except for the findings of Borst [1932J, who showed that mammary tissue 
would hydrolyse adenylic acid, and of Brcmimr [1932] who showed that inorganic 
phosphate was liberated during the; autolysis of mammary tissue, the cmzyme 
has received little attention since its discovery. It secuned to us that this 
enzyme, in view of its close relationship to synthesis, might possibly possess 
unusual specific properties w^hen compared with the better known phosphatases. 
W(' were also interested in its relationship to the phosphatase of milk which is 
now of value in the dairy laboratory as an indc'x of the efficiency of })asteurisa- 
tion. We decided to study its properties more closely, with a recently developed 
tc^chnique (which appears to us to have definite advantages over methods 
formerly used) and establish its identity or otherwise with other ‘‘alkaline** 
phosphomonoesterases. 

Experimental. 

Preparation of mammary gland extracts. 

The guinea-pig was chosen as a source of mammary tissue chiefly for the 
reasons that animals in a suitable stage of lactation are readily obtainable, and 
that the mammary tissue is localised in well-defined glands situated on the pos- 
terior portion of the abdomen. These glands can be quickly and cleanly dissected 
out from the bodies of lactating females. They come away whole with no adherent 
extraneous tissue except a little subcutaneous fat which is easily removed. 

The guinea-pigs were killed with chloroform and to facilitate dissection the 
hair covering the abdomen was removed with a BaS depilatory paste, which 
was carefully washed away before commencing dissection. When dissected out 
the glands were washed free from blood and as much milk as possible removed 
by squeezing between filter-papers. They were then weighed on an air-damped 
balance. Each gland was cut into small pieces and ground to a uniform paste 
with a little sand and chloroform water in a glass mortar. Transferred to a 
measuiing vessel the mixture was made up to such a volume witli distilled water 
that 10 ml. s 1 g, of original tissue. After standing at room temperature for 
18-24 hours with occasional shaking, the solid residue was removed by filtration 

( 1837 ) 
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through cotton wool and the extract stored in the i-efrigerator at 0°. Under 
such condirioiis the phosphomonoesterase activity of these extracts remained 
unimpaired for a considerable time. No attempt at further purification of the 
extracts was made beyond dialysing some of them at 0'^ for experiments on 
the action of Mg. 

Method of estimation of phosphomonoesterase activity. 

King and Armstrong [1934] have introduced a method for the clinical 
determination of the phosphomonoesterase content of blood serum, plasma and 
bi](% in whi(*h disodiuin phenyl phosphate, buffered to ppj 8-9 with sodium 
diethyl barbiturate, is used as substrate, the phosphatase activity being measured 
by the amount of phenol set free in 30 mins, at 37°. The short period of hydro- 
lysis is made possible by the facts that monophenyl phosphate is enzymically 
hydrolysed more rapidly than glycerophosphate and that for ev(»rv mg. of 
inorganic pliosphate liberated about 3 mg. of j)henol arf‘ sf‘t fr(*e. The enzynnic 
activities so determined arc clearly^ likelv to be nearei* to true initial velocities 
of hydrolysis than the values obtained after a hydrolysis lasting some hours, 
hence an attempt was made to utilise the method of King and Armstrong for 
work on the phosphomonoesterase of the marnrnarv gland. In practice certain 
modifications in detail were found to result in greater accuracy and a modified 
method was devtdoped which can be usefully applic^d to the investigation of 
tissue ])hosphomonoesterases as wtdl as those of blood, milk etc. These modifi- 
cations are described below. 

Buffer. For the work to b(^ (h^scribed a buffer op()rating in tlic pjj range 8-11 
at 37° was required. Borate buffer was found to interfere wdth the determination 
of phenol. Glycine buffer was finally (‘ho8(m in spite of tht* fact tliat Bakwin 
and Bodansky [1933] have stated that glycine retards sonu^what the hydrolysis 
of glycerophosphate by kidney phosphomonoesterase 

Volorimeiric estimation of phenol. For the estimation of ])hen()l King and 
Armstrong found the reagent of Folin and Ciocalteu [1927] to lx* more satis- 
factory than that of Theis and Benedict [1924], and this has also been our own 
experience. The blue colour produced when a solution containing phenol together 
with the phosphotungstomolybdate reagent of Folin and (Jiocaltt‘u is made 
alkaline with NagCJO^ k*nds itself to accurate colorimeti;y provided that attention 
is paid to certain details now to be dealt with. 

Effect of temperature on colour development. Each curve show^n in Fig. 1 was 
obtained by adding 2*5 ml. of saturated NagCOa to 10 ml of a solution c;on- 
taining 01 mg. phenol and 1 ml. of Folin and Ciocalteu's reagent in 10 ml. and 
measuring th<‘ rate of blue colour development at the stated tennperature by 
means of a Lovibond tintometer. It can be seen that at 20' the blue colour 
does not reach its final intensity^ after 90 mins. Peters and Van Slyke [1932] 
direct that the warm solutions (approx. 30°) be compared in the colorimeter 
20 mins, after the addition of NagCOg, presumably^ standing at room tem- 
perature tlie wdnl(\ If these directions are followed, measurements can only be 
dubious as very little blue colour has by then appeared. 

At temperatures much exceeding 40° a white precipitate appears [v. Rake- 
straw, 1923] and acimrate colorimetric comparison is precluded. 

The best compromise is attained by reducing the amount of the phenol 
reagent used for ('ach estimation to 4 ml. and by developing the blue colour by’^ 
warming at 37° for exactly 45 mins. Fig. 1 shows that after 45 mins, at 37° 
over 95 % of the final colour intensity has been reached and further increase is 
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very slow. Experience has shown that accurate colorimetric measurements can 
1)0 made if unknowns and standards are worked up simultaneously and sub- 
jected to this standard procedure. 



Fijr, 2. Kffooi of alkahiutv and of gly<nn(‘ on blue colour intensity. A, 3 3% Na^CO.^; 0-11 '?o 
gjyenie; 3*3 % NaJCO.,; 2-7 % Na/V)^; /;, 2-2 % NagOO.,. 


Influence of alkfdinity on (he blue colour. Tlu^ curves in Fig. 2 express the 
rate of blue colour formation in presence of different concentrations of 
the solutions being in other respects identical except where otherwise stated. 
The final colour intensity obviously deixmds on the alkalinity of the solution, 
and tliis should be carefully controlled. Saturated Na 2 (X )3 as sugg(*sted by King 
and Armstrong may be used but it is preferable to use an unsaturat(Kl solution 
containing 14% Na/^O^, 

Effect of buffer solutmis on the blue colour. On investigation, sodium diethyl- 
])arbiturate provi'd to have v(*ry little efiect on the intensity of the blue colour. 
Glycine, on the other hand, markedly increast‘s th(' final blue value (curve A 
in Fig. 2). If, therefore glycine buffer be us(*d for phosphatase estimations it is 
necessary to compensate for its intensifying effect on the phenol colour by using 
a standard which cont.ains the appropriate concentration ol gly(*ine. 

Modified 7 uethod for phofi'phomonoefiteraae determination. For each determina- 
tion a stoppered t(ist-tube containing ml. of 0*1 J/ glycine buftei’ and 5 ml. of 
a solution of disodium monophtmyl phosphate of the requisite strength is warmed 
for a few minutes in a water thermostat at 37° and 1 ml. of a suitably diluted 
mammary extract added from an Ostwald pipette. Aft(‘r a measured time, which 
is usually 30 mins, but can be shortened if desired, the tube is plunged into iced 
water and 4 ml. of a 1 in 3 dilution of Folin and Ciocalteu’s reagent are added. 
After shaking and standing for 30 mins, the solution is filtered through a No. 42 
Whatman paper and 10 ml. of filtrate pipetted into a dry tube, hor each deter- 
mination a blank is run in which the enzyme is inactivated by the immediate 
addition of Folin and Ciocalteu’s reagent which should contain 0-15 mg. phenol 
in 4 ml. to bring up the faint colour to a measurable mtensity. In addition 
blanks intended to reveal the amount of phenol (if any) pinducied by incubating 
the buffer with the substrate and the enzyme with the buffer may be set up. 
Such corrections have been found to be negligible and are usually omitted. 
Using an accurate pipette, 2*5 ml. of 14 % Na 2 C 03 solution are added to the 
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filtrates from unknown and blanks and also to a tube containing 10 ml. of the 
standard solution described below. The tubes are shaken and placed in the 
thermostat at 37° for 45 mins., after which they are cooled and read off in the 
colorimeter. 

The standard solution contains, in 50 ml., 5 ml. of a stock phenol solution 
containing 0*1 mg. phenol per ml., 13^ ml. of a 1 in 3 dilution of Folin and 
Ciocalteu’s reagent and 16f ml. of glycine buffer. Tf necessary, weaker standards 
containing 4, 3 or 2 ml. respectively of stock phenol solution may be prepared. 
King and Armstrong direct that the standard should be freshly prepared each 
day. We have found that standards will keep satisfactorily for at least 3 days 
at room temperature but should be renewed on the fourth day. 

The above method may be used for the determination of blood serum or 
plasma phosphomonoesterase, the plasma or serum being diluted with an (‘qual 
volume of saline. Alternatively 0-5 ml. of undiluted serum or plasma may bo 
taken and 4-5 ml. of Folin and Ciocalteu’s reagent used. 

Duplicate phosphatase estimations which agree to within ± 1 % can readily 
be earri('d out. 

Hydrogen ion concentration. The experinunts described in this paper were 
done in the pj| range 8-11 in presence of 0-()45Jlf glycine buffer. The of a 
glycine buffer varies considerably with temperature so that all control measure- 
ments of except where otherwise stated were made with the hydrogen 
electrod('. at 37°. Between Pn 8-9 and 10-0 the buffers were sufficient to maintain 
the acidity of the solutions at the required value. Above Pn 10*0 electrometric 
measurement of the pjj of control duplicates was nc^eessary. 

Pre^^ence of a phosphomonoesterase in mammary tissue. 

All guinea-pig mammaiy glands which have been examined have been found 
to possess very appreciable phosphomonoesterase activity, in some cases to a 
degree greater than that of g\iin(5a-pig kidneys. In Table 1 the activities of 

Table I. 


Extract 

Units phosphomono- 
esterase per g. 
wet tissno 

Weight of glands 

g- 

T^resence of milk 
in glands 

M 12 

11-3 

2-90, 3*34 

-f 

iM 13 

14-8 

2*4, 2-3 

+ 

M U 

6-4 

61, 5-3 

+ 

M 16 

13r> 

4*4, 4*3 

Probable 

M ir> 

21-4 

105, 105 


M 17 

42-2 

1-5. 1-3 

— 

M 18 

33-5 

1-7. 1-6 


M 8 

48-5 

1-2, J-3 

— 

Kidne3' 8 

39-7 

— 


Kidriey 12 

28-r> 

— 

• 

eight typical 

extracts arc given, together with the weights of the glands fre 


which they were made. The activities are calculated per g. wet weight of 
original mammary tissue. 

It will be seen that those glands which were heavy and showed signs of 
active milk secretion were less active per g. than small glands that showed no 
signs of milk secretion. Indeed, Table I shows that the latter tissue is at least 
as rich in phosphomonoesterase as were the kidneys taken from two guinea-pigs. 

The difference in phosphomonoesterase activity per g. which appears to 
exist between functional and non-functional mammary tissue may be due, in 
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part at any rate, to the presence of milk, which is relatively poor in phospho- 
monoesterase, in the cells and alveoli of the large lactating glands. On the other 
hand it is possible that mammary tissue which is not actively secreting milk 
may indeed be intrinsically richer in phosphomonoesterase than secreting tissue. 
This question will be investigated further. 

Time coursa of mammary ghind phosphomonoesterase hydrolysis. 

The rates of hydrolysis of disodiimi phenyl phosphate by mammary gland 
extracts at 37° and plotted in Fig. 3 for substrate concentra- 

tions of 0*0045 Jf and 0*00023 Jf. Both curves can be considered to be linear 
since the points near the origin are necessarily subject to considerable t'xperi- 
mental error. It may be concluded therefore that for reaction times up to 
30 mins, at least, the amount of hydrolysis affords a good measure of the initial 
reaction velocity which, under given conditions, is the quantity defining the 
a(‘tivity of an enzyme under those conditions. This holds equally for 2*8% 
hydrolysis of substrate (curve Ay 30 mins.) and for 15% hydrolysis (curve By 
30 mins.). 



Fig. 3. Linear rate of liyclrolvsiH, in oarJy stagCH, of diRodiiirn pbonyJ phoHphate by inanimary 
gland phosphomonoestcTasc. Rubstrato; i?, 0 00023 Jf Hubstratc. 

Fig. 4. Optiinum for hydrolysis of phenyl phosphate under different eonditious. A, Mammary 

gland phosphomonoesterase; substrate coneentration ~ 0*00023 J/. B, Mammary gland 
phosphomonoesterase; substrate concentration -0*004.'5 iVf. (\ Kidney i3hosphomono- 
est<‘rasa; substrate concentration — 0*0045 3/. 

Mammary gland phosphomormsterase activity and pn . 

The activities of a preparation of mammary gland phosphomonoesterase 
at various py^ values in presence of 0*0045 if disodium phenyl phosphate are 
plotted in Fig. 4. The hydrolysis was found to proceed optimally at p^^ 10*0. 
This is in agreement with the result of Asakawa [1929] who r(*ported 9*9 
for optimum hydrolysis of this substrate by kidney phosphomonoesterase but 
differs from that of Roche [1931] who found pii 8*4-S*6 for serum phospho- 
monoesterase. The same result for mammary gland phosphomonoesterase was 
obtained when the activity determinations were based on reaction times of 
15, 30 or 60 mins. In the same diagram is given the ^jj-activity curve for the 
Biochem. 1936 xxix 117 
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hydrolyHis of 0*0002273/ substrate by mammary gland phosphomonoesterase. 
Under these conditions the optimum bec^omes 9*3 indicating that the 
Micha(*lis constant for this enzyme varies with pjj . Asakawa 1 1928], studying 
the hydrolysis of glycerophosphate* by kidney phosphomonoesterase, observed 
a change, in optimum at different substrate concientrations and was confirmed 
by Jacobsen [1933J. 

Roche gives no details of the hydrolysis time or of the substrates concen- 
tration, but it is not unlikely that tlu^ discrepancy between his result and our 
own may bo due to the following reasons. Th(' true pj,-a(;tivity curve for bone 
phosphomono(*sterase is proliably modified by alkaline inactivation of the 
enzyme, a process shown by Martland and Robison [1927J to proceed with 
rapidity at 37'^ above Pq 8 as the alkalinity is increased. A similar result has 
been obtained for mammary gland phosphomonot‘sterase (s(‘e below). It is thus 
to be <‘xj)(3cte^d that apipactivitv curve plotted frcuii activitu\s based on amounts 
of hydrolysis product'd in a given time, would show, if that f)eriod of time were 
large, ap^j optimum lower than if the curve, w^ere drawn from true initial velocity 
determinations. 

It is noU^worthy in this connection, that though tlu* optimum p^j for tlie 
enzymic hydi-olysis of glycerophosphate in the (‘onc(mtrations ordinarily used 
is usually given as 8-9 Kay, 1932J, Robison [1932] has n‘ported optima as 
high aspjj 9*5 for short period hydrolyses of glycerophosphate by bone phospho- 
monoest(‘ras<\ 

The shift of the p^ optimum towards th(‘ acid side in low substrate concen- 
trations is understandable on the supposition that the substrate, in concen- 
trations sufti(;i(mt to saturat(' the enzyme, protects tlu* latter from the inacti- 
vating effe<’t of ex(;(*ss of OH.” ion. Lat(T it will be shown that whilst the', enzyme 
ill the concientration used is fully (combined with monophenyl [ihosphate when 
the latter is prese-nt in 0*00453/ concentration, this is not so when the con- 
centration is as low as 0*0002273/. Alkaline inactivation with its consequent 
effect on determinations of the optimum will thus probably proceinl at a 
higher rate under th(‘ lattin* (conditions. 

Fig. 4 also shows the pj, -activity curve for the hydrolysis of 0*0045453/ 
])henyl p}ios})hat(' by an extract of guinea-pig kidni'y. Th(* optimum pj^ for 
kidney fihosphomonoesterase is identical with that for the mammary gland 
cnzyiiK' under the sami' conditions. Further, when it is remem IxTed that in 
both cases the optimum decn'ast*s with decreasing substrat(‘ concentration 
it is evithmt that as i*egards hydrogen ion activation thic two (uizymes behave 
similarly. 


Bclation between mammarxj gland 'phosphomonoesterase activity 
and substrate concentration. 

According to the theory of Michaelis and Menten [1913] an enzyme combines 
with its substrate to form a compound which dissociates into enzyme and reaction 
products. The ndation between enzymic activity and substrate conoemtration 
should tluui be nepreKsented by ^ ^ 

where v is the initial velocity of hydrolysis, F is a constant, s is the substrate 
concentration and (the Michaelis constant) is the dissociation constant of 
the enzyme-substrate compound. 

The activity of a preparation of mammary gland phosphomonoesterase in 
the i)resenee of substrate concentrations varying from 0*0001136 to 0*18183/ 
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has been investigated at 37 and lO-O and the results arc' plotted gra])hicaUy 
in Fig. 5 which also shows the results of a shnilar c^xperimcnit on guinea-pig 
kichrej"^ phosphomonoesterase. The expc'riinental results are represi'iiit'd by 
points, while the imbrokc'n curves are plotted from Michaelis and Mcmten's 
equation, being 0-00()6 in each case. 



Fi”:. T). Jlelation between substrate eoru'entratjon and jnitial late of 
enzymic hydrolysis of phiuiyl phosphate^ at lO. 

It would ajipear that for substrate con ec'riirat ions up to 0-0()9Jf both 
enzymes bc'have in ac(*ordance with the thc'ory of Mic'haclis and Mcniten, the' 
Michaelis constant being thc^ same for each. At higher substrate con cent rations, 
however, the' initial velocities are Ic'ss than would Ix' expc'cted from the thc'ory. 

Haldant' [1930| has put forward a thc'ory which attempts to ac'count for 
erases in which high substrate (x)n(*entrations cause* inhibition of enzymic activity. 
This thf'oi’v postulate's that for hydrolysis to oc'cur, the enzyme* E must first 
unite with the substrate E at two points. (8ue*h a eompound ES is tin* only 
one* which brc'aks down into the end products of the re'action.) There is, liowc'ver, 
a cc'rlain proportion of the enzyme molecules which unite* with onci substrate 
inoleeiile^ at e'.ach of the two active points, to give* ES^ whiedi, though in equi- 
lihriurn with E and E, does not break down into the final jiroducts of hydrolysis. 
With increasing substrate concentrations there would at any give*n moment be 
a larger and larger proportmn of such unions. Rut according to the the*ory 
siiedi unions do not result in hydrolysis, therefore the initial velocity of hydro- 
lysis will fall off as they become more* nume*rous. Mathematical ele*velopment 
of the theory gives the law , 



where = initial velocity of hydrolysis, and are the Michaelis constants 
of the reactions (i) E + S ~>ES and (ii) A + A'-hA" -^Ek%, and k is a third cemi- 
posite constant containing the velocity constant of the slejw reaction ES Ad- P 
(P = products), and the total concentration of the enzyme in the system (also 
constant). In Fig. 6 the experimentally determined activities of guinea-pig 
kidney phosphomonoesterase and mammary gland phosphomonot'sierase in 
presence of different concentrations of substrate reduced to the same scale by 
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Lojrarithm of substrate concentration 


Fig. 0. It elation between subs! rate concentration and initial rate of enzymic hydrolysis of 
nionophenyl phosphate at p^^ 10. • Kidney phosphoinonot'stcrase. x IMainmary gland 
ph osphom onoesterasc . 




Fig. 7. Fig. 8. 

Fig. 7. Effect of Pn on relationship between substrate concentration and initial rate of hydro- 
lysis of phenyl phosphate by mammary gland enzyme. 

Fig. 8. Relationship between substrate concentration and initial rate of hydrolysis of phenyl 
phosphate by mammary gland enzyme at pn 8-9. 


Relative initial velocity of hydrolj&is 
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suitable choice of values for k in each case, are represented by the points, whilst 
the unbroken line is that given by the equation 






Evidently the behaviour of both enzymes accords well with the theory of 
Haldane, and their properties are similar in that for each of them =:0*0()0r>6 
and ^"2 = 0*125. 

Interesting results were obtained when the relation between substrate con- 
centration and activity of mammary gland phosphomonoesterase was investi- 
gated at higher H ion concentrations. In Fig. 7 are shown curves expressing the 
results obtained at 10*0, 9*5 and 8*9 respectively, the same enzyme prepara 
tion in equal concentrations being used for each experiment. The results show 
that with decreasing and become smaller, the optimum substrate 

conc’cntration diminishes and the activity of the enzyme at the optimum de- 
creases. The t‘xistence of an optimum substrate concentration for phospho- 
monoesterase hydrolysis, an optimum that varies with , is clearly brought 
out by th(^ curves, which also illustrates the change in optimum pjj referred to 
above. The curves corresponding to 8*9 and 9*5 are by no means as sym- 
metrical as Haldane's theory requires but their general shape is in agreement 
with the theory. In Fig. 8 the (experimental points obtained at 8*9 are 
(‘om pared with the line ^ 

^^"^1 fOOOl 8 


with which they give a reasonably good fit. and A'g have now the approxi- 
mate values 0*001 and 0*02 respectively. 

The relation of these results to those of othc^r workers for phosphomono- 
estei'ases from different sources will now be considered. Martland and Robison 
[1927] were unable to detect any diflFerence in glycerophosphatase activity of 
bone extracts with substrate concentrations between 0*003 and 0*3 ilf. Roche 
[1931], working with a range of glycerophosphate concentrations from 0*000 to 
0*32 i/, found an increase in the activity of serum phosphomonoesterase with 
increasing substrate concentrations. Jacobsen [1932], in the course of a study 
of the retarding action of inorganic phosphate on the hydrolysis of glycerophos- 
phate by kidney phosphomonoesterase, showed that over a certain range the 
initial velocity of hydrolysis depended on the substrate^ concentration and hc^ 
was able to estimate at pjj 8*7 as approximately 0*0()()1 (substrate concen- 
trations in molarity). He also showed that if the initial concentration of inor- 
ganic phosphate were made approximately equal to the initial substrate concen- 
tration, i.e. if the competitive phosphate inhibition were kept constant, the initial 
velocity of hydrolysis attained a maximum at a substrate concentration of 
approximately 0*0014Jf at p^ 8*7. This value may be compared with oui* 
value for the optimum concentration of phenyl phosphate for hydrolysis by 
mammary gland phosphomonoesterase at pjj 8*9 which was found to be 0*00093/ 
(Fig. 7). The good agreement between these values is striking evidence in favour 
of the identity of the phosphomonoesterascis from the two source's. 

Later, Jacobsen [1933] studied the influencje of pjj on and found that 
the latter varies with p^^ increasing as the acidity is reduced. If Jacobsen's 
values of at various pj^ values are extrapolated, at p^ 10 comes 
out at approximately 0*0045 (substrate concentrations in molarity) which is 
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about seven times the value of found us for the hydrolysis of phenyl 
phosphate by mammary gland phosphomonoesteTase at 1B*0, Assuming the 
identity of the two phosphomonoesterases (see below) it is thus evident, if 
is to be regarded as a dissociation constant, that the “alkaline” phospho- 
monoesterase has a much greate^r affinity for phenyl phosphate than for glycero- 
phosphate, which a(!(‘ords wt!1 with the fact that the former substrate is 
hydrolysed by it more rajjidly than the latter. 

The rehtion behveen hydrogen ion concentration and the stability of 
mammary gland phosjdiomonoesterase . 

A mammary gland extract diluted so as to be twice the strength required 
for activity determinations was divided into 5 ml. portions which were titrated 
to various liydrogtui ion concentrations with Y/5(> NaOH oi* aV/50 H(^l. In each 
case the total volume of solution was brought up to 7*5 ml. by the addition of 
wat(‘r. The tightly stoppered tubes containing the solutions were set in the 
lh(‘rmo8tat at 37" for a measured time after whi(*h they were cooled in iced 
wat(‘r and their contents mnitralised and then made u]) to 10 r»il. with wat(‘r. 

The y)|j values of dujdicatci solutions wer(» measured at 20' with a glass 
el(‘ctrode used in coujuiiction with a C/ambridg(' (‘lectrometer valvc‘ direcjt 
reading /qj met(T. 

Th(* activities of th(‘ muitralised extracts w(^re dett'rmined at 10 in tlu* 
usual way. Tlu; n'sults show that th(‘ enzyme' undergoes rapid inactivation at 

10 and 37 '. It is then'fort' theoretically more satisfactory to detc'rmine 
com])arative activities at an acidity at whicti tht‘ enzyme is stable, so that the 
concentration of enzyme shall n'lnain constant throughout the determination. 
Pjf-activity (*urvc*s show however that the enzynu' has vei^ little activity at 
its of maximum stability atid thus many hours of hydrolysis an' nec(*ssary 
for comparative activity determinations in the neighbourhood of this 
Nevc'itheless, in one experiment, in addition to the activity det('rminations j)er- 
formed as usual, th('. activities were also determim'd at 8 in presciu'c of 
diethyl barbiturate buffer, IB hours’ hydrolysis at 37 ' being nec'essarv. The curve 
so obtained was of similar shape to that obtained Iti activity determinations at 
Pjj 10 (curve A, Fig. 9). 



Fig. 9. Stability of mammary gland phosphomonoestcrase at different acidities. 



Relative initial 
velocity of hydrolysis 
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The two curves shown in Fig. 9 were obtained with diffident (mzyme pre- 
parations. In one case (curve A) the portions of enzyme were kept at tht^ stattid 
values for 2 hours, whilst for curve B the inactivation time was 3 hours. In 
the latter case a ^jj-stability curve with a sharp optimum was obtained, which 
indicates that mammary phosphomono(‘sterase has a narrow zont‘ of maximum 
stability around 7, the enzyme, at least in absence of its substrate, being 
rapidly inactivated at 37^^ on either sid(^ of this zoru^ Thc^ much iiatter optimum 
corresponding to the shorter time of inactivation was to be ('xpectcd. Bone 
phovsphomonoesterase was found, in a general way, to beliav(‘ similarly by 
Martland and Robison [1927], who show(*d that it was inactivatt'd at 37° at 
alkalinities above 8 and at acidities greater than (i. The stability of kidney 
phosphornonoestcrasii at various hydrogen ion concentrations was investigated 
l)y King [1931], who obtaiiunl a imrve very simiJai’ in sliape to curve B in Fig. 8 
with th(‘< optimum located near p^ 7. In r(‘S])ect therefore of the eff(‘ct of 
hydrogen ion (concentration on stability, the phosphomoiKX'sterases of mammary 
giand and kidney seem to bchavt‘ ichuitically. 

Effect of maijneMum on mam mar if yland phmphomonoeHf erase. 

For the investigation of this phenomenon, mammary gland (‘xtracts from 
which most of the magnesium had Ix^en removed by dialysis wen^ required. 
Tht‘S(‘ were prepared as follows. 5 ml. of extract wen^ ])ipc‘tted into a collodion 



Fig. 10. Fig. 11. 

Fig. 10. Effect of Mg concentration on rate of hydrolysiH at pi^ 10 of monophonyl phosphate by 
mammary gland phosphomonot'stcrasc. 

Fig. 11. PH’ftctivity curve for mammary gland phos})homonooRterase fully ai'tivated by addition 
of Mg. 

sac which was then tied off as near as possible to the surface of tht' litpiid. Tht; 
sac and contents, dry on the outside, were weighed on an air-damp(?d balani^e 
before and after dialysis so that correction for dilution of the extract during 


11-0 
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dialysis could be made. Dialysis at 0° against frequently renewed distilled water 
was earned out for 14 days, at the end of which time the extract had lost a good 
proportion of its original activity. 

After ascertaining that addition of MgS04 ^ dial3^sed extract restored 

its activity, the optimum [Jenner and Kay, 1931] was determined by 
carrying out activity determinations in the usual way except that a series of 
substrates was used, all of them il//l(X) in disodium phenyl phosphate but con- 
taining MgS04 in such concentrations as to give values, when mixed with 
bulfer and enzyme, ranging from 1*4 to ()*1. 

Fig. 10 shows curves relating with the experimentallj^ found activities 
of a mammary' gland extract at 10*0. All the curves (exhibit optima at about 

^ which value approximate the optima found by denner and Kay [1931] 
for kidney phosphomonoeste^rase. 

The activity of undialysed mammary gland extracts could be increased by 
addition of appropriate amounts of Mg salts but as the curve in Fig. 11 proves, 
such addition and the resulting enhanced activation are without effect on the 
optimum p ^ . ' 

In respect of Mg activation mammary gland pho8])homonoesterase thus 
behaves qualitatively and quantitatively in a similar way to kidney phospho- 
monoesterase. 

Synthesis of sodium glycerophosphate by mammary gland phosphornonoesterase. 

The ability of the “ alkaline ’’ phosphomonoesttTases of animal tissues to 
catalyse the 85nithesis of monoesters of orthoi^hosphoric acid is well established, 
and it was therefore cjonsidered important to determine whetln'r the mammary 
gland enzyme resembles the other tissue phosphomonoc'sterascs in this respect. 
Tubes were set up each containing 5 ml. of active mammary gland extract, 
5 ml. of O'lJlf gtycine buffer containing 0*110g. Na2HP04 and 10 ml. of 90% 
glycerol. Controls were similar in every respect save that they (‘ontained boiled 
extract. Experiments were carried out in duplicate, using buffers at each of the 
pjj values (37°) shown in Table II. Electrometric p^i control measurements 

Table II. 

Pn 8-2 8-5 89 9-3 

% synthesis (active extract) 7*6 12-5 12-5 12-5 

% synthesis (boiled extract) 0 0 0 () 

were omitted in this instance since at the time these experiments were made a 
suitable apparatus was not available. The object of these experiments was 
merely to establish the fact that the phosphoraonoesterase of mammary gland 
is able to catalyse the synthesis of glycx^rophosphate and accurate control 
was therefore considered unnecessary. 

The tubes were incubated at 37° and samples taken from each at intervals 
for the estimation of inorganic and total phosphorus. Tlie amoimt of synthesis 
in each of the four series of experiments as measured by the decrease in inorganic 
phosphate after 172 hours at 37° is given in Table II. 

The experiments show definite evidence that mammary gland phospho- 
monoesterase will catalyse the synthesis of glj'cerophosphate, its qualitative 
behaviour in this respect being similar to that of the kidney enzyme [Kay, 1928]. 
The synthetic activities of the mammar^^ gland phosphomonosterase are being 
further studied. 
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Identity of the phosphomonoesterases of the, mammary gland and kidney. 

Criteria for the identity of two enzymes from quite dissimilar tissues are 
not very precise. It is not without interest therefore to summarise the evidence 
of what seems to us to be a proven case of enzymic identity between the 
“alkaline phosphomoboesterase of the mammary gland and that of the kidney. 

(1) Each enzyme can be extracted from its respective tissue source by 
simple maceration of the tissue with sand and (;h] orofor rn water preferably 
followed by 18-24 hours’ autolysis at room temptn’ature. 

(2) The phosphomonoesterase from each source hydrolyses disodium phenyl 
phosphate optimally at/^j| 10-0 and in presence of 0-0()9ill/ substrate. 

(3) In the case of both enzymes the p^ optimum depends on the substrate 
concentration. 

(4) The relation between substrate concentration and enzymic ac*tivity is in 
both cases identical. The behaviour of each enzyme agrees well with the Michaelis- 
Menten theory over the same limited range of substrates concentrations. At 
higher substrate concentrations both deviate similarly from the behaviour r(‘* 
(juired by this theory. B’or both enzymes = 0-0006 at pjj 10-0. 

The substrate conctmtration-enzymic activity relation for each of these two 
enzymes agrees with the theory of Haldane which postulates competitive inhibi- 
tion on the part of the substrate when the latter is in high concentrations. Th(» 
constants in the Haldane equation ar(' the same for both (uizymc^s. 

(5) Small concentrations of Mg salts activate^ both enzymes to a striking 
degre(‘. The optimum for dialys(Kl extracts of both tissues is approximately 3. 

(6) In the case of each (uizyme optimum hydrolysis at a given temp(‘rature‘ 

and when fully activated by Mg is defined by two conditions — and substrate 
concentration (for sodium jdienyl phosphate, 10 and 0-009 ilf ). 

(7) Both phosphomonoc'sterases are rapidly inactivated at constant tem- 
perature both by and OH“ ions and in a precisely similar way. 

(8) The synthesis of glycerophosphoric acid from glycerol and disodium 
hydrogen phosphate is catalysed by each of the enzymes. 

There is thus identity in every quality so far examined betweem th(‘ very 
active “alkaline” phosjdiomonoesterase of the mammary gland (whose n<‘t 
relevant activity, at least when functional, is, presumably, rapid synthesis of 
phosphoric esters) and that of the kidntw (whose net relevant activity is (uther 
hydrolysis or nil). 

SUMMABY, 

With an improved techni(|ue for the estimation of phosphatase activity, the 
“alkaline” phosphomonoesterase of the mammary gland has been closely 
examined. The optimum pjj, optimum substrate concentration, Michaelis con- 
stant and its variation with , effec^t of Mg, inactivation by acid and alkali, 
synthetic activities all lead to the view that it is identical with the “alkaline” 
phosphomonoesterase of kidney tissue, and that despite its presence in a gland 
where phosphoric ester synthesis is rapidly proceeding, it appears to hav^e 
synthetic powers which are no greater than those of other “alkalint‘ ” mam- 
malian enzymes when examined under similar conditions. 

Mammary tissue is noteworthy in its high content of phosphomonoesterase^. 

Our thanks are due to the Government Grant Committee of thr^ Koyal 
Society for a grant to one of us (S. J. IT.) towards the cost of the apparatus 
used in this work. 
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CCXVI. THE LEAD CONTENT OF 
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That had is nornuilly (‘xcrctod in human tirine and faeces is now well (‘stablish(‘d. 
The literatures has b(*(‘n re'viewe^d by Kehoe ef ah |Ib33, 1, 2], who haves carried 
out an exhaustive study of tlu' exeTction of lead by normal Ain(*ri(*an adults 
and children. 

The oeeurnmec' of af)precial)le amounts of lead in ' normar’ hinnan bom^s 
is also geruTally agreed u[)on, although th(‘re is consirlcTabk^ variation in the 
figures jiublislied, e,g, Barth |]93l] finds 0*01 mg. Pl> peT g ash or apjiroxi- 
mateJy o -Sdmg. Pb p(*r kg. fresh bone, whilst I^ynch et ah \ lh84] find ]4'-14()mg. 
Pb per kg. fresh bone. Th<‘ po.sition as regards the soft tissiu's is ver\ unsatis- 
factory; f<'W analyses art' availalde and the eviden(‘e for ilu' occurnuicc^ f)f 
‘'normal " lead in tissu(\s is (‘onflicting. IVIeillere | ] b03J states tliat small amounts 
of lead w(Te pr(\sent in th(‘ organs of nearly all tlu' subjects f^xamined by him 
(1-2 mg. per kg. on the average' in the' liver and sp)e(‘n). Aub et ah |lb2r») state 
that the li^ad n'tained by an afiparently normal individual is held almost ex- 
clusiv(*ly by the skekdon. W(*yrauch and Muller [1933] found no apprec'iabk^ 
amount of h'ad in the liv(*r, kidney, spleen or brain. Sheldon and Ramage f 1931 J, 
using a s])ectrograpliic method, found lead occTirring spasmodically in normal 
organs, whilst Boyd and l)e |1933|, also using a spe(*trogra])hic method, found 
lead well marked in the livc'r and ])resent in all th(‘ other organs examined except 
the brain. L>meh et ah [1934] in an analysis of a f('W organs found 1*5 mg. per kg. 
in some liver.s and kidneys and none in otluTs. Kehoe et ah [1933, 1 1 found 
a])preciable amounts of lead in most of the tissiu's from two cases apparently 
normal shortly before death. 

Whilst th(' estimation of lead in bones is comjiaratividy t'asy, th(' soft tissuf^s, 
having a high iron content and yielding only a small amount of ash, pres(‘nt 
considerable diflficailties. It is probable that the differences in the published 
results may be attributc'd to the methods of analysis used, which are open to 
several critici.snis. A number of methods have been used. Fairhall [1924] 
dcscTibed a method in which the lead was pre(*i|;)itated as sulphide and tlu'n as 
the chromate. The lead chromate was determinecl I'ither (1 ) colorimetri(*ally with 
diphenylcarbazide or (2) by titration with thiosulphate aft(‘r the addition of potas- 
sium iodide. Kehoe et al. [1926; 1933, 1, 2] used modifications of this method. 
Cooksey and Walton [1929], in an examination of urine, madf‘. a preliminary 
separation of lead by an electrolytic method. The le^ad was subsc^quently esti- 
mated nephelometrically as the sulphite. Francis et ah [1929] described a j)ro(ress 
involving the precipitation of lead as sulphide followed by electrolysis and ])rc- 
cipitation as the sulphate. Finally the lead was estimated (^olorimetri(‘ally as the 
sulphide. Weyrauch and Muller [1933] and Litzner and Weyrauch [1932 ; 1933], 
investigating the distribution of lead in man, separated lead as the sulphide' and 
then as the peroxide by electrolysis. They estimated the lead colorimcdrically by 

( 1851 ) 
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the blue colour formed by the interaction of the peroxide and tetramethyl- 
diaini nodiphenylmet hane . 

One of the major problems in the determination of lead is to separate it from 
substances that would interfere in the final stage of the estimation. The chief 
of these is iron. None of the above methods can claim to perform this process 
satisfactorily. Electrolytic methods usually fail in the presence of large amounts 
of iron [Francis ei ah, 1929], while precipitation as lead sulphate or chromate is 
unsuitable as these substances have solubilities which are a])preciable when 
fractions of a mg. of lead are being dealt with. Tn a recent paper [1936] Kehoe 
ei ah acknowledge a loss of 0*07 mg. Pb pc^r sainpl(‘ in the (‘arlier mc'thod they 
employed. 

A method suggested by Allport and Skrimshiro [1932, 1] for separating lead 
from solutions of the ash of dyestuffs appeared to solve' such difficulties. An 
alkaline solution of the ash was shaken up with a (‘hloroform solution of diphenyl- 
thiocarbazone (dithizone). Lead was extracted by the chloroform as a lead- 
diphenylthiocarbazone complex. Iron was not extracted and other metals, with 
the exception of bismuth, were not extracted if (yanide were present. Under 
the latt€‘r conditions then, only two metals, lead and bismuth, were extracted. 
With this method it is recognised that certain difficulties are encountered. The 
aqueous solutions must be perfectly clear, the slightc'st turbidity due to phos- 
phates, iron etc,, preventing a complete extraction of lead. As the extractions 
must b(» carried out on alkaline solutions, this is difficult, (‘ven when citrates 
have been added, for a solution may appear perfectly clear and yet iron, phos- 
phates etCs may bo precipitated in colloidal form and so prevent a complete 
(extraction. The pjj of the solutions needs careful adjustment which is not always 
easy when certain classes of materials are being examined. If the organic matter 
has been destroyed by a wet oxidation method, the nature of the oxidant appears 
to exert a marked influence. Allport and Skrimshire [1932,2] found that if 
nitric acid had been used as the oxidant, extraction of tin' lead was generally 
incomplete. This appears to be due to traces of oxidant remaining in the digest. 
We have found that in practice, when usc'd to separate lead from solutions of 
the ash of urine, liver etc., the method gave erratic ri'sults. In every case the 
solutions appeared perfectly clear. 

In the final stage of the estimation of lead, the sulphkh' reac'tion appears to 
hav(‘ been most commonly used. Unfortunately this is not specific for lead, 
bismuth giving a similar reaction. The sulphide reaction also lacks sensitivity. 
A more sensitive reaction is required for the determination of hiad in blood, as 
th(^ amount of blood that can be taken from a patient under routine conditions 
is limited. The objection to the tetramethyldiaminodiphenylmethane reaction 
is that although it is viry sensitive, it is not specific for lead peroxide, substances 
siu'h as manganese dioxide reacting similarly. Apart from the objections to 
electrolytic methods in general already referred to, manganese tends to be de- 
posited as the dioxide along with lead. This is an es{x^cial failure of the method 
as mangaiK'so occurs in human tissues and excreta in appreciable amounts. 

The present papir is divided into two parts. In the first a method for the 
estimation of lead, in which the difficulties outlined abo\e have been overcome, 
is descrilx'd. The second part deals with the lead content of liuman tissues 
obtained post mortem, and also the lead content of blood and excreta from 
hospital patients and normal individuals. 
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L THE METHOD FOR THE ESTIMATION OF LEAD. 

By S. L. Tompsbtt. 

The separation of lead. When an aqueous solution of sodium diethyldithio- 
carbamate is added to a solution of a copper salt a yellow organic copper complex 
is formed which may be extracted with ether. The extraction is complete^ in 
acid, neutral or alkaline solution, i.e. is independent of , but is preferably 
carried out in alkaline solution in the presence^ of pyrophosphate to prevent the 
extraction of iron. The exact adjustment of is unimportant [Tomjxsett, 1835]. 

Lead also was found to form an organic complex with sodium diethyldithio- 
carbamate, which could be (extracted with ether. Tlu' lead complex is white and 
therefore ethereal extracts are colourless. Amounts of lead varying from O-Ol 
to 0-2 mg. could be extracted quantitatively by such a technique. Th(‘ complex 
of lead and sodium diethyldithiocar hamate is very insoluble in water, turbidities 
appearing when the reagent is added to 0*05 mg. Pb or more in lOb ml. water. 
Sodium diethyldithiocarbamatii itself is insoluble in (dher, so that the amount 
of organic material extracted is minimum. 

The estimation of lead. Fischer and Leopoldi [1934] have published a colori- 
metric^ method using diphenylthiocarbazone for the estimation of small amounts 
of lead. When an alkaline solution of a lead salt was shaken with a (jarbon 
tetrachloride solution of diplumylthiocarbazone, a pink complex with lead was 
formed, which was extracted by the organic solvent. After the shaking process, 
the carbon tetracihloride layer contained pink kiad (‘om})lex and also unchanged 
green diplumylthiocarbazone. Unchanged diphenylthiocarbazone was removed 
by repeatedly shaking the carbon tc^tracldoride with 1 % KCN solution. Finally 
the pink extract was shaken with dilute acid, which changed the colour to green 
and then c'ompared in a colorimeter with a standard. They stated that the method 
was quantitative and that amounts of lead of the order (> to 12()y could be 
estimated, also that tlu^ redaction was sjiecifiiJ for lead. 

The writer has found that the pink colour is just as sensitive to colorimetric 
comparison as the green colour developed after shaking with acid. Using 10 ml. 
CCI4 to extract the complex it was found that the depth of colour was pro- 
jKirtional to the Pb concentration within the range 5 to 70y, The best dejith of 
colour for colorimetric comparison appears to be in th(^ region of 0*01 and 
0*02 mg. Pb. With amounts of lead above 0-03 mg. the colour was too strong 
for colorimetric comparison. 


Eeagents. 


The determination of had in urine and faeces. 


(1) Concentrated hydrochloric acid— analar reagent. 

(2) Concentrated nitric acid — analar reagent. 

(3) Perchloric acid — analar reagent. 

(4) Glacial acetic acid — analar reagent. 

(5) Ammonia (sp. gr. 0*88) — analar reagent. 

(6) Ether — analar reagent. 

(7) 10% potassium cyanide — PbT (B.D.H.). This 

required. 

(8) Carbon tetrachloride — analar reagent. 

(9) 5 % sulphurous acid — lead-free. 


This was diluted 1 in 10 as 


(10) 20 % sodium citrate — lead-free. 

A lead-free solution was prepared as follows. To 1 litre of a 20% solution 
in water, 100 ml. of 0*1 % diphenylthiocarbazone in chloroform were added and 
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the mixture was shaken vigorously. As required, a small portion was passed 
through a filter- paper to remove suspeiiided particles of chloroform. 

(11) 0-1 % diplumylthiocarbazone in carbon tetrachloride. 

(Commercial diphenylthiocarbazone contains a yellow oxidation product 
wliich is soluble in carbon tetrachloride but is not extracted by alkali cyanide 
solutions. The commercial product was purified as follows. 100 ml. of 0*1% 
di})henylthioear])azone in carbon tetrachloride were extracted with several 
100 ml. portions of (t5% ammonia. Diphenylthiocarbazone })asKses into the 
a(|ueous ])has(‘, k'aving the oxidation product in the carbon tetrachloride. The 
arnmoniacal extracts were passenl fhrough filter-paj)er to remove sus|>ended 
parthdes of* chloroform and then acidified with sulphurous acid. The green pre- 
cipitated diphenylthiocarbazone^ was then extracted with l(K)ml. of carbon 
tetrachloride*. This solution if invserved under a layer of sulpluirous acid (5%) 
wdll keej) indefinitely. 

(12) 2% sodium diethyldithiocarbamate. 

Bcifore use a small volume* was shaken up with ethtT to r(‘inove traces of lead. 

(13) Standard solution ot lead a(>*etate. 

0-1831 g. of lead ac(‘tat(* Pb((32H302)2, was dissolved in distilled water 

containing 5 ml. of glacial acetic acid. The volume was th(*n made up to 1 litre 
with distilled water. 1 ml. of this solution is equivalent to 0-1 mg. Pb. This 
solution was diluted as required so that 1 ml. w'as equiv^alent to 0 ()l mg. Pb. 

The water us(*d was glass-distilled. Filter-papers wen* w^ashed with dilute 
aeid, followed by distilled watf'r. Pyrex glassware was used. Silica dishes were 
always cleaned out wdth hot dilute acid prior to us(*. 

Method. 500 ml. of uriiui were evaporated to dryn(*ss in a silica dish on a 
st(*am-bat}i and then ignited over a Buns(*n burner in a fume* (•u])board. Final 
traces of carbon were removed by adding 5 ml. of eon(*entrat(*d nitric acid to 
tlu* (‘ooled ash and b(*ating further. 

The ash was dissolved in 100 ml. of w^at(*r containing 5 ml. of concicntrated 
HCl, and the solution transferred to a 750 ml. separating funnel. 100 ml. of 20% 
sodium citrate solution were added and the mixture was made slightly alkaline 
to litmus by the addition of ammonia (s]). gr. 0-88). 31)(* voluim* of the solution 
at this stage should be about 400 to 500 ml. 10 ml. of sodium diethyldithio- 
carbamat(5 solution were added followt*tl by 25 ml. of ether. Tlu* mixture was 
shaken vigorously. The aqueous layer was run off and the eth(*r (extract washed 
twice wdtli 25 ml. of water. Tlu* ether extract was run into a 300 ml. Kjeldahl 
flask, the scf)arating funnel being rinsed with 10 ml. of (*ther. The aqueous 
solution and washings were extracted a second time with etlier. The combined 
extracts won' evaporated to dryness on a steam- bath and tlie organi(; matter 
was d(\stroyed by lu‘ating with 1 ml. concentrated sulphuric acid and 1 ml. 
p(*rchloric acud. After digestion fumes were removed by a water pump. The 
following were added to the digest in order: 10 ml. water, 1 ml. glacial acetic 
acid, and 5 ml. ammonia (sp. gr. 0-88) and the volume was made up to 25 ml. 
with water. 

Th(* final stage of the estimation wa.s carried out as follows. Three glass- 
stoppered 50 ml. volumetric flasks were taken. 5-10 ml. of the diluted digest 
were measured into one of the flasks. Similar amounts of blank solution were 
in<*asured into the other two flasks. The blank solution was prepared in exactly 
the same way as the unknown. For every 5 ml. solution in the flasks 6 drops 
of sulphurous acid were addcxl. Into one of the blank flasks 1 or 2 ml. of standard 
lead acetate solution (equivalent to 0-01 or 0*02 mg. Pb), de|)ending on the lead 
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content of the unknown, were mciasured. To each flask were now added 5 ml. 
1 % KCN solution, 10 ml. carbon tetrachloride and 0*5 ml. 0*1 % di})henylthio- 
carbazone. After vigorous shaking the contents of the flasks were poured into 
test tubes and the aqueous layers removed with a teat i)ii>ette. Aftc^r being 
returned to the flasks, excess di]>henylthiocarbazone was nmioved from tlu^ 
carbon tetrachloride layers by re[)eated extrac tion with 10 ml. lots of 1 KC/N 
solution. Usually 4-0 extractions were necessary. The pink (‘xtracts were then 
washed with wat(^r and compared with a standard in a colorimeter. 

After washing with distilled watcu* the extract.^ were qiiitc^ cl(‘ar and did not 
require filtration. Filtration should })e avoided as yellow tints tc'tid to develop 
after the extracts hav(‘ passed through filter- pap ‘r. After tlu^ dilut('d digest 
has l)een shaken with diphenylthiocarbazojie, the aqueous layer should be 
coloured brown, indicating that excess of the reagent is presi*nt, otherwise more 
must be added. In tlie event of 5 ml. of dilutecJ dig(‘st (containing more than 
()*03 mg. Pb, a smaller volume should be used wliich should be diluted to 5 ml. 
with ]>lank solution. A blank was always done to (‘ontrol eon tanii nations from 
outside soure(*s. The blanks showed perce])tible piidv tingc's l)ut were too small 
to J^e measured. That the blanks showed a reaction at all is diu' to the ('xtreim^ 
sensitivity of th(^ test. 

In the case of faeces, 5-10 g. of dri(‘d material W(*re igniti^d in a silica dish 
and the estimation proceedcnl ^ith as above. 

From the results showm in Table T it will be s(‘en that lead add(‘d to nrhu' 
or faeces may be (estimated quatilitatively by the above method. The* urine and 
faeces used in these r(‘(‘Overy exj)eriments were colle(dt‘d with no special pre- 
(*autions to excludti contamination. The figures therefore (‘aimot justifiably be 
taken as representative of the U^ad content of urine and faeces in th(‘ normal 


Table I. The recovery of lead added to urine and faecefi, 

UriTie. Faeces. 

\\)lumc^ UHod — 500 ml. of dried fae(*(‘S used — 10 p,. 



luiliai lead 

Lead 

Lead 


Initial l(‘ad 

Lead 

Lead 


couteiit 

addinl 

re<-(»v<'red 


eonteut 

addeil 

reeo\ ert 



IMM. 

mg. 


ing. 

mg. 

mg. 

1 

0 0<j3 

0-100 

O H Mi 

8 

0 143 

0 5h0 

0 482 

2 

0058 

0-0.50 

0 053 

0 

0 

0 500 

0-512 


0-025 

0-100 

0-006 

10 

O-lUti 

0-500 

0-525 

4 

0-063 

0-2(M) 

0-210 

11 

0-018 

0 1(K) 

0-423 

5 

0-062 

0-100 

0-000 

12 

0-167 

0-250 

0-254 

6 

o-o:u 

0-100 

0-005 





7 

0-077 

0-100 

0 1U5 






The specimens of urine and faeces were collected uith no special pre(jautions to exclude con- 
tamination from oijtside sources. The results must not he taken as repn^stu dative of the normal. 

By the use of an ignition method for destroying organic matter, blanks have 
been reduced to a minimum. There were no losses obst^rved when this method 
was applied in the estimation of lead in urine and fae(*.es. This is probably due 
to the high ash content of these materials, much of which is in the form of 
phosphates. It was not necessary to add pyrophosphates to prevent extraction 
of iron in the preliminary stjparation of lead as they are formed in sufficient 
quantity during the ignition process. 

In preliminary experiments the carbon tetrachloride extracts containing the 
lead diphenylthiocarbazoiie complex often had yellow tints which made* colori- 
metry difficult. It was considered that this was due to traces of perchloric acid 
in the digests. The addition of 6 drops of sulphurous acid to every 5 ml. of 
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diluted digest used prevented the formation of this yellow colour and perfect 
matching colours could be obtained. 

Although sodium diethyldithiocarbamate is not a specific reagent for the 
separation of lead, those metals that are extracted, e.g. copper, zinc, bismuth, 
do not interfere, as the complexes that they form with diphenylthiocarbazone 
are unstable in the presence of cyanide. The Insmuth complex is orange- coloured 
and if present will be seen in the carbon tetrachloride layer after the first 
shaking. It is removed however during the subsequent extractions with cyanide. 
In actual experiment it was found that O-Ol mg. Pb could be estimated in the 
presence of 0-1 mg. Bi, the bismuth complex being completely removed at the 
fourth extraction. The complexes of the other metals are so unstable in the 
presence of cyanide that they are not formed at all. 

The separation of lead as the complex with sodium diethyldithiocarbamate 
serves the very useful purpose of removing thos<i substances such as iron and 
the phosphates of the alkaline earths which interfere with its reaction with 
di})henylthiocarbazone . 

After (‘xtraction of the diethyldithiocarbamate complexes with ether, a few 
ml. of dilute copper sulphatt^ solution should Ix' added to the residual aquqpus 
solution. Th(' formation of a golden brown colour will indicate that excess of 
the diethyldithiocarbamate leagent has been added. In the majority of cases 
the amount of reagent indicated in this paper is in marked excess hut in a few 
cases more may be necessary. 


II. THE LEAD CONTENT OF HUMAN TISSUES AND EXCRETA, 

By S. L. Tompsett and A. B. Anderson. 

Experimental. 

Urine and faeces. The urine was collectc'd in })araffined bottlers and 500 ml. 
were taken for each estimation. The faeces were collected directly into large 
pyrex glass dishes in which they were dried. For each estimation 5-10 g. of 
dri(^d and powdered material were used. 

Soft tissues. The organs were first weighed and, excc‘pt in the case of lung, 
100 g. of tissue were chopped into small slices and plaoe^d in 100 ml. of lead-free 
10% sodium phosphate solution in a silica dish. The whole right lung was first 
dried at 110" in a pyrex dish, ground to a powder and an aliquot portion of 
powder added to the phosphate solution in a silica dish. The mixture of tissue 
and phosphate solution was then evaporated to dr^mess on a steam- bath, and 
the subsequent procedure was the same as that described for urine and faeces. 
In the final colorimetric estimation 5~10 ml. of dilut(»d digest were taken and 
compared with standards containing 0*01-~()-02 mg. of lead. 

Bone. About 5g. of bone in small pieces were put into a silica dish without 
jhosphate solution and ashed directly. The ash was treated in the same manner 
as that from other tissues. 

Blood. Some modification of the method was nec('ssary when dealing with 
blood owing to the smaller quantity of material used. The method is therefore 
given heni in some detail. Approximately 20 ml. of blood were drawn from a 
vein with an all -glass syringe and stainless steel needle. Syringe and needles 
were sterilised by boiling in distilled water. The blood was immediately poured 
into a pyrex tube and rapidly pipetted into 100 ml. of lead-free 10% sodium 
phosphate solution in a silica dish. The exact volume of blood obtained was 
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noted. The contents ol the dish were then evaporated to dryness on a steam 
bath and ashed in the same manner as the tissues, using only 1 ml. of nitric 
acid. The ash was dissolved in 50 ml, of water containing 2 ml. of concentrated 
HCl and the solution transferred to a separating funnel. The solution, which 
with the washings amounted to 100-150 ml., was made faintly alkaline to litmus 
by the addition of ammonia (ap. gr. 0-880), and cooled. After the addition of 
2 ml. of 2 % sodium diethyldithiocarbamate and 25 rnl. of ether the mixture 
was shaken vigorously and allowed to separate and the aciueoua layer run off. 
The ether extract was washed with 25 ml. of water and then run into a 150 ml. 
round-bottomed pyrex flask, a further 10 ml. of tether being used to wash the 
funnel. The aqueous solution was re-extract<*d with 10 ml. ether, which were 
added to the first extract, together with a second washing of 10 ml. of ether. 
The ether was then (‘vajiorated off on a steam -liath and the organic material 
in the residue destroyed by digi^stion with 0-2 ml. of sulphuric acid and 0*2 ml. 
of perchloric acid. The fumes were then removed from th(‘ flask by suction with 
a water pump, and 3-5 ml. water, 0-2 ml. glacial ac^etic acid and 1-0 ml. ammonia 
(sp. gr. 0*88) added in that order. After the addition of 0 drops of 5 % sul- 
phurous acid the- contents of the digestion flask were transferr(‘d to a 50 ml . 
glass-stoppered pyrex volumetric flask and the digivstion flask was washed out 
with 5 ml. of 1 % K(JN into the volumetric flask. To the mixture 10 ml. of carbon 
tetrachloride anil 0-2 ml. diphenjdthiocarbazone solution were added. The colour 
wa»s then develojied in the usual way and compared witli a standard prepared 
similarly. For normal blood a standard containing 0-01 mg. Pb was found to 
be suitable when 20 ml. of blood were used. Sodium citrate was not added in 
the analysis of blood as any slight haze of calcium or magnesium phosphates did 
not interfere with the e.’^traction. 

Sodium phosphate was added to the blood and soft tissues before ashing for 
two reasons; firstly to increase the amount of ash and to prevent the formation 
of insoluble ferric oxide; secondly to form an excess of jiyrophosphate which 
prevents the extraction of iron in the separation process. Tlie sodium phosphate 
which was kept as a 10% stock solution was always de-lead(‘d just before use 
in the following manner. To every 100 ml. of solution in a separating funnel 
5 ml. of 2 % sodium diethyldithiocarbamate solution were added and the whole 
was shaken vigorously with ether. The lead-free aqueous solution was then run 
off. The phosphate solution was not added to urine, faeces or bone, as these 
substances contain enough phosphate. 

The results of analysis of organs from 22 post mortems are given in Table II, 
which is divided into 20 cases with no known occupational lead exposure and 
2 eases with occupational exposure to lead, namely a painter and a printer. 
The figures are given for concentration in mg. Pb per kg. of fresh tissue and 
also for the total organ where possible. In the cases of rib and vert(d>ra, concen- 
trations alone are given. In order to obtain a representative sanijile of lung the 
whole organ was first diied and powdered as described above. For this reason 
only the total lead content of the lung is given. The cases in the first division 
range in age from 69 years to 6 wrecks and consist of 11 males and 9 females. 
Lead in appreciable amounts was found in all the tissues examined, and with 
the exception of the spleen, the amounts present were remarkably constant 
considering the widely different pathological states involved. The figures for 
bone: rib, mean concentration 8*55 mg. per kg., and vertebra, mean concen- 
tration 7*09 mg. per kg., are the most constant, the greatest deviation from the 
mean being in the vertebra of No, 7 with a concentration of 14*7 mg., or just 
more than twice the mean value. The child of 2 years of age. No. 6, shows the 

Biochem. 1936 xxix 1^8 
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same concentrations of lead as the adults in liver, kidney, brain and bones. 
The spleen was not analysed. The figures for the 6-weeks old infant are re- 
markably high for some of the organs. The concentrations in the kkbiey and 
spleen of 3*55 and 3*08 mg. respectively are approximately twice the mean 
values for adults. The concentrations in the bones, 1-57 mg. for rib, and 2-6 for 
vertebra, are considerably less than the adult figures, as would bt‘ expected. 
The post mortPM on this (^liild showed a normal well-nourished baby and the 
organs, with the exception of the brain, were normal. Of the two cases with 
occupational exposure to lead, the painter shows an (‘xcossive deposition of lead 
in the bones; the (joncentration in the rib of 119 mg. is fourtcum times tlu' mean 
value, and that in the vertebra, 18-8, approximately two and a half times the 
mean. The printer shows a slight excess in the rib only. There is no suggestion 
of lead poisoning in the clini(‘al notes on these two cases. 

Table III. Lead content of tissues froyn human foetuses. 


Liver Kidney Lrain 



Months 



r 

^ 

^ j 

^ 

^ 

» 

Femur 


gesta- 


Weight. 

nig. }ier 

Total 

mg. per 

Tot-al 

mg. per 

Total 

mg. per 


tion 

S(*x 

g- 

kilo 

mg. 

kilo 

mg. 

kilo 

mg. 

kilo 

1 ) 

S 

jM 

2400 

o:i;i 

(M)4 

0*66 

0*<0 

0*12 

0*03 

1-49 

- ) 

Iwm 

IF 

2100 

0 83 

0-07 

0*63 

O’Ol 

0*21 

(>*<►4 

2*66 

a 

8 5 

M 

— 

0*63 

(MK) 

<►•63 

(►•01 

0-IS 

0-()7 

1*47 

4 

7 

M 

1600 

O'Oo 

0-06 

0*67 

(►(►1 

0 16 

0 04 

1*30 




Moan 

0 68 

~ 0 06 

0*65 

0-01 

(►•17' 

(hoiri’ 

1*73 


The tissues of four stillborn foetiis('s, two of which were' twins, were also 
analysed, using the sanu' method exc<‘pt that, iji the case of the kidney, the 
modifications described for blood were us(‘d. For the analysis of bone, both 
femurs were used. The results are given in Table ill. Lead was present in 
appreciable concentrations in all the tissu(%s examined. Th(‘ mean values for 
liver, kidni'y, and brain are from onc'-half to one-third of th(^ adult values. The 
concentration in the femurs approximates to that found in the rib of the infant 
of 6 wet'ks. Of the twins, the femah^ shows higher values than the mal(^ For 
comf)arison, the copper in these tissues was d(‘termined at the same ti nu‘; the 
mean values obtained were, in mg. per kg., liver — 44-6, brain — 1-08, and 
femur — 1-86. These results show the usual selective absorydion of copjKT by 
tlie foetal liver. The amount in th(^ livers was at least five times that n^ported 
for the adult [Tompsett, 1935]. 

Urine and faeces were collect(*d from three' laboratory workers, as normals, 
and from ten hospital patients, in ]:)eriodR of two or thret' consc'cutivt' days. The 
normals w(M‘e working and eating their ordinary diet. The? f)ati('nts, with the 
exception of No. 5 who was a case of pernicious anaemia, W('re in the metabolic 
wards for determination of basal metabolic rate, whidi in every case was within 
the normal limits. Th(' diagnosis in most cases was tachy(iardia of unknown 
origin or "‘neurosis”. The figures for the daily ex(?retion ot lead in tlu' urine 
and faeces are given in Table IV. It wall be seen that the normals ext?ret('d daily 
0*16to0-()3 mg. in the urine and 0-40 mg. Pb in the faeces. The j)ati(mts’ excretion 
in the urine varied from 0-07 to 0*025 mg., with a mean of 0-(>5 mg., and in the 
faeces from 0*26 to 0*20 mg., with a mean of 0-22. A half-day’s diet as given 
in the metabolic ward was dried down in a pyrex dish, and on analysis by thf' 
method used for tissues gave 0*22 mg. Pb per diem. The hospital water was 
found to contain 0*03 mg. Pb per litre. Patients on this diet would appear to 
excrete a fairly constant amount of lead, and this amount is less than that 
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excreted by the normal laboratory workers. This difference can probably be 
accounted for by a greater intake of lead in the diet and drinking water of the 
normals. The occurrence of large amounts of bismuth in the faeces during 
bismuth medication will interfere with the lead estimation. The only remedy is 
to discontinue the bismuth, and analyse the faeces in a few days’ time, when the 
small amounts of bismuth that may be present will not interfere, becauvse the 
bismuth diphenylthiocarbazone complex is unstable when shaken with cyanide. 


Table IV. The excretion of lead in urine and faeces. 



Sex 

Days 

collection 

Occupation 

ITrine 

mg. per dtem 

Faeces 
mg. per diem 

1 

M 

3 

(rt) Normals. 

Laboratory work(»r 

016 

0-40 

2 

M 

3 

Do. 

0-03 

0-40 

3 

M 

1 

Do. 

O0S.5 

0-39 

4 

M 

3 

(6) Hospital patients. 
Warehouseman 

(►•04 

0-20 

5 

F 

3 

Housewife 

002.5 

0-23 

6 

M 

3 

Miner 

0-06 

0-26 

7 

M 

2 

Packer 

0-055 

0-23 

8 

F 

3 

House vt ifo 

0-07 

0-24 

9 

F 

3 

Do. 

0-05 

0-20 

10 

M 

2 

Miner 

0-06 

0-22 

11 

M 

2 

Engineer 

(H)5 

0-24 

12 

M 

3 

Brass moulder 

0-04 

0-20 

13 

M 

2 

Packer 

(xm 

0-20 




Mean for patients 

0-05 

0-22 


Before estimating the, lead in the blood some reeovt'ries of lead added to 
blood and serum were undertaken to test the method as modified for the smaller 
quantities. As will be seen from the figures given in Table V, a good recovery 
of lead added to blood was obtained. It should bo emphasised here that the 
figures for the lead content of blood in Tabic V have no significance because 
the blood was raixe.d and obtained from contaminated sources. 

Blood was then collected from the same normals as before and from 18 hos- 
pital pati(?nts. Twenty-five samples in all were taken. The figures are given in 
Table VI. The patients were chosen from among those not acutely ill, and where 
no diagnosis is given it is to be understood that no physical signs of organic 
disease were present. The blood lead varied from 70 to 40y ptT 100 ml., with a 
mean value of 55 y. The figures are given to the neart^st 5y. In the case of 
normal No. 3 several figures are given; these re])resent det(^rminations done on 
blood collected on different days both before and after meals. 

Of several cases of suspected lead poisoning investigated only one showed 
dcifinitf^ pluinbism and this case is discussed here. The clinical history is briefly 
as follows. A young man of 30 years of age was admitted to the medical wards 


Table V. Recovery of lead added to serum and blood. 


Initial lead Load Recovered 

content added lead 


y 

(a) Serum. 

5-5 

5-0 

5*5 

5*5 


y y 

10 ml. samples. 

5 60 

10 90 

5 4-6 


10-5 


[litial lead 

Lead 

Recovered 

content 

added 

lead 

y 

y 

y 

{h) Blood. 

10 ml. samples. 

12-9 

5 

5*6 

12-9 

10 

10*5 

12-9 

100 

102*1 

14-0 

5 

5*6 

14*0 

10 

9*0 


10 
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Age 


Table VI. Lead content 

of blood. 

Blood lead 
y per 


vSex 

Occupation 

Diagnosis 

UK) ml. 

1 

32 

M 

Laboratory w'orker 

Normal 

50 

2 

19 

M 

Do. 

Do. 

40 

3 

29 

M 

Do. 

Do. 

70,40,60,50 

4 

30 

M 

Motor driver 

Duodenal ulcer 

50 

5 

26 

F 

Housewife 

Hysteria 

60 

6 

— 

M 

— 



55 

7 

53 

M 

Brass moulder 

Di'bility 

50 

8 

32 

P 

Housewife 

Epilepsy 

55 

9 

— 

M 

— 



45 

10 

62 

F 

Housewife 

Hypertension 

60 

11 

— 

M 

— 

45 

12 

25 

M 

Kiigincer 

Duodtmal ulcer 

50 

13 

65 

M 

Hteelworker 

Hemiplegia 

65 

14 

— 

M 

— 

55 

35 

50 

M 

Packer 

Neurasthenia 

60, 50 

16 

45 

M 

CJollicry repairer 

Osteoarthritis 

50 

17 

52 

M 

Park labourer 

Gastric ulcer 

60 

18 

26 

F 

H ousew'ife 

Vasovagal attacks 

60 

19 

— 

M 

Miner 



50 

20 

72 

F 

Teacher 

Neurosis 

65 

21 

15 


Unemployed 

Abdominal pain 

Mean 

65 

55 


oomplaining of severe pains in the stomach witli vomiting of a week’s duration. 
The pain had no relation to food and was not affeet('d by food. His occupation 
was that of a solder-maker. In this trade, whicli h(' had followed all his adult 
life, he mixed molten lead, tin and other metals. The clinical findings weni a 
moderate anaemia, blood count showed 3,000 ,000 red cells, and 40% haemo- 
globin, with some punctate basophilia, no wrist drop or other signs in the 
nervous system. There was a marked blue line round the gums. The stools con- 
tained blood. An X-ray of the stomach did not reveal any lesion. 

Table VII. Case J , C. admitted to medical ward 27. i. 

Urine 

Blood lead ^ ' ^ Faeoes Diet lead 

Date y per 100 ird. ing. per litre mg. per diC7n mg. per divm mg. 

28. i. 35 — 0-27 0 12 - — 

29. i. 35 135 ^ — 

19. ii. 35 125 0 073 0 135 0-27 0 13 

21. ii. 35 Started medication with potassium iodide 15 gr. per die^n 

5. hi. 35 135 0 107 017 0 19 — 

18. hi. 35 Discharged on potassium iodide 15 gr. per diem 

15. iv, 35 Headmission to metabolic ward complaining ot return of symptoms 

30. iv. 35 380 ~ — — 

39. IV. 35 ~ 0 036 0 041 0-44 0*22 

24. iv. 35 240 — 

The chemical investigation is summarised in Table VII. It will be seen that 
soon after admission the urinary and faecal excretion of load was not higher 
than would be expected in a normal ]:)erson. In this connection the intake of 
lead must also be considered. For the first few days he was on a milk diet and 
later was given a peptic ulcer diet. A sample of the latter diet was analysed 
and found to contain 0-13 mg, of lead per diem. This alkaline milky diet was 
probably increasing the storage of lead in his hones. Thti figures for urine show 
the importance of calculating the excretion per day and not relying on the 
amount per litre. In contrast to his excretion of lead the blood lead was high, 
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being at least twice the normal. On 21. ii. 35 medication with potassium iodide, 
15 grains per diem, was started. Ten days afterwards blood lead and the excre- 
tion of lead were the same as before. He was now free from pain and was dis- 
charged and given the potassium iodide, which he continued to take until he 
was readmitted 4 weeks later to the metabolic ward (‘omplaining of sharp pains 
in the stomach. The potassium iodide was diseontinut^d on admission, and blood 
taken the next day gave the surprisingly high figure of 380 y Pb. He was on 
the ordinary ward diet, and a 3-day collection of excreta showed a normal 
urinary excretion but a faecal excretion about twice that of patients on the 
ward diet. The pain became less and less severe, and 10 daj^s after admission 
his blood lead had fallem to 240y. The lead line liad almost disappeared when 
he was readmitted. 

This man had be(ui subjected to a prolonged occupational exposure to lead, 
both as solid and vaporised, and must hav(^ had large dej)osits in his bones. 
His symptoms were of the gastro -intestinal typ(‘ ])robably with intestinal ulcera- 
tion giving blood in tluj stools. Though showing clinical signs of lead poisoning 
and having a high blood lead, he showed little increase in lead (jxcretion. The 
results of administration of potassium iodide' for a period of weeks were a return 
of the abdominal pain aiid an in(;rease in the blood It'ad to nearly tn'ble the 
original figure. 

Disc IT SSI O^J. 

The salient features of th(‘ analysis of “normal ’’ soft tissue's are the presence 
of lead in all the tissues examined, and the comparatively constant concentra- 
tion for the adult irrespective of age, sex or causi* of death. The presence of 
small quantities of lead in the soft tissues might be deducc'd from the fact that 
lead is a (ionstant constituent of blood. It is not suggested, however, that lead 
is n(*cessarily present in these concentrations in the normal during life. The 
changes in rnf'tabolism preceding death may bring about a mobilisation of lead 
from the deposits in the bones. Lead was found in th(' bon(‘S in amounts of the 
same order as those reported by Kehoe et aL [1933] and Barth [1931], The 
figures show l(\ss variation from the mean than those for the soft tissues. Analysis 
of bones other than the ribs and vertebrae taken in this investigation would 
probably give different results. The higher figures reported by Lynch et al. [1934] 
were obtained in the analysis of the shaft of the femur principally. 

Whilst our results for tissues may b(' taken as “normal'’ for (^as(is in the 
Glasgow Royal Infirmary, it is possible that a similar investigation in another 
part of the country would reveal different “normals". This “normal” figure is 
of importance in the evaluation of results undertaken for toxicological purposes. 
Whilst lead was present in all the foetal tissues examim'd, the amounts present, 
whi(^h were of the same order as that in normal blood, do not indicate any 
sele(;tive absorption of this element in the foetus. By contrast, copj)er was 
concentrated in the foetal livers. 

Ill any investigation of the excretion of lead, the important figures are those 
for the amount excreted over a given period of time. For this reason we have 
given all results for urine and faeces as mg. per day. In the case of urine the 
concentration of lead varies with the volume secreted, and results expressed in 
mg, per litre, which is the usual practice, may be misleading. 

Tlio estimation of blood lead described above has many advantages. It can 
be completed in 24 hours, and, as only 20 ml. of blood are required, it can be 
repeated several times on the same subject, if tiecjessary. The lead content of 
the normal bloods examined showed only comparatively small variations and the 
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moan value of 55y/100 nil. agrees with that of 60y r(‘ported by Kc‘hoe et ah [1 935 ) 
for a group of medical studc'uts. On the oth(*r iiand Litzrier and Woyrauch 
[]933j consider that a figure above 40y indi(5at(‘s an increased lead absorption. 
The method used by Litzner and Weyrauch is open to sevtTal criticisms which 
have been mentioned already. The (\stimation of blood lead M^ould appear to 
be a more satisfactory nu'thod of invi^stigation than the determination of the 
e\(iretion of l(‘ad, the significance of which is unavoidably obscured by the 
presence of unabsorbed lead in the faec(‘S, where the greatcT (excretion is to be 
expect('d. This is illiistratiHl by the case of jilumbism r('])ort(‘d here. 

Lead is normally considered to be an a(*cidental body constituent, and the 
term '‘iiormar’ has been decried on tlu^se grounds. When tlu* g(‘neral occurrence 
of l(‘ad in foodstuffs and its presence in the tissues generally are taken into 
account it seems more reasonable to (h^scribe li^ad as a normal constitiieuit of 
the human body. 

With the information at presemt available the n'siilts of analyses of tissuf^s, 
blood and excreta only justify a statement as to whethcT normal or abnormal 
amounts of lead arc' present. Thc^ final diagnosis of lead poisoning is in the 
province of the clinician, wlio can correlat(‘ the clinical, haiunatological and 
chemical findings. 

Summary. 

1. An aceturaie method has been described for tlie estimation of lead in 
human tissue's, blood and ('xeTeta. Afte^r ashing, tlu' l(‘ad was extracted with 
ethc'r as a (*omplex with sodium diethyldithiocarliarnale. The k'ad in tlu' ether 
extract, afteu* dt'struetion of the organic; material, was determiiu'd colorimetri- 
(•ally with diphenylthiocarbazone. 

2. L(‘ad was found in all the tissues examined. Thc' mean conccuitrations in 
mg. Pb pc'r kg. for adults wc're: liver — 1-73, kidney — 1-34, spleen — 1*()S, brain — 
0-5, rib — 8-55, vertebra — Tissue's from a case of known ex])()suro to lead 
showed higher figure's, more es])e('ially the' rib, with 119 mg. ])er kg. 

3. Analysis of four foetuses of 7*-8 months’ gestation gavt' mean cone;entra- 
tions in mg. per kg. of: liver — 0*68, kidney — 0*63, brain— 0*17, femur — 1*73. 
Lc'ad was found in all these tissues in each case*. 

4. Figure's for the excretion of lead in urine and fat*e‘es by normal laboratory 
workers and hospital patients are given. The mean daily excretion ol lead by 
10 patients was 0*05 mg. for urine and 0*22 mg. for faecc's. 

5. The analysis of 25 samples of ble^od obtaiiu'd from 3 normals, and 18 
patiemts, none of whom W('re acutely ill, gave value's of 40-70y pc'r 100 ml., 
with a mean value of fioy. 

(). A case of pliimbism in a solder-maker showing very high conceuitrations 
of blood l(;ad is reported. 

Our thanks are due to Dr Muir Crawford for permission to use' the clinical 
notes on one of his cases, to Dr J. (J. Middleton and other membt'rs of the staff 
of the Royal Infirmary for spoejimens from the wards and also to Dr Dugald 
Baird for arranging the supjily of foetal material. 

Part of the cost of this investigation was dc'frayed from a grant from the 
Rankin Fund of the University of Glasgow. 
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Day et al. [1931] in America first reported that they had obtained cataract in 
albino rats by feeding a diet deficient in vitamin Bg . The ration used was that of 
Sherman and Spohn [1923] which has been widely fTnployed in work with this 
vitamin. Cataracts were produced in 92% of rats after an average) period of 
72 days. 

The work was developed by Langston et al. [1933] and by Langskni and Day 
[1933] who observed an (‘qiially high incidence of cataract in mice and in young 
wild gray rats deprived of vitamin Bg . By feeding diets (hdichuit in vitamin Bg 
Day, Langston and Cosgrove |1934] obtained cataract in rats and chickens and 
Day [1934 1 reported cataract in rats, mice, chickens and monkeys. The im- 
portance of cataract as a symptom of vitamin Bg deficien(\y was stressed by these 
authors. 

Day and Langston [1934] published further (widence that in nearly all the 
cases examined rats rec^eiving a diet free from vitamin Bg d(‘V6lojM?d (cataract. 
They found that the appearance of cataract was delayed where small but in- 
sufficient amounts of vitamin Bg were given; and the delayed ap])earance of 
cataract was correlated with the growth-rate data. It was concluded that 
cataract was probably a bettiT criterion of vitamin Bg deficiency than was 
d<*rmatitis. 

These observations are of great interest since they are related to the problem 
of the aetiology of catara(;t as well as to that of vitamin didicicmcy. It is im- 
portant that it should be established beyond doubt whether or not <iegonerative 
changes in the eyc‘-lens can be produced by the omission of a specific substance, 
such as a vitamin, from the diet. It is equally important from the point of view 
of vitamin studies to know if cataract, which can readily be observed, is in fact 
a consiskmt symptom of a vitamin deficiency. In addition a technique for pro- 
ducing cataract regularly in a laboratory animal by dietary control would prove 
most useful in further studies in the aetiology of cataract. For these reasons it 
was considered advisable to attempt to repeat the work of Day and his colleagues. 
Experiments were therefore undertaken in which diets deficient in vitamin 
Bg, including the Sherman and Spohn [1923] diet as used by the American 
workers, were fed to rats and the eyes examined with an ophthalmoscope at 
weekly intervals. The results of these experiments form the subject of the 
present communication. 

Experimental. 

Thirty-six young black and white rats of about 70 g. weight were obtained 
from a commercial source and kept in single cages with wire screen bottoms. The 
Sherman-Spohn [1923] diet was fed. This consists of alcohol-extracted caseinogen 

( 1865 ) 



1866 


M. C. BOURNE AND M. A. PYKE 


18%, Osbonie and Mendel salt mixture 4%, butter fat 8%, cod-liver oil 2% 
an(l maize starch (58 % . Vitamin is supplied in the form of an alcoholic extract 
of rice polishings which is evaporated on a portion of the starch and mixed with 
the remainder of the constituents. 

In addition to the thirty-Bix test animals twelve control rats were given the 
deficient diet with a supplement of 1 ml. per day of a standard 50 % solution of 
alkaline-autoclaved rnannitt* as a source of vitamin Bg . The animals were weighed 
and their puj)ils dilated with atropine and the eyes examiiu^d with the ophthal- 
moscope at weekly intervals. 

Nature of the ocular symptoms. 

The ocular changes occurring in this type of cataract have been fully de- 
scribed by Day et al. [1931] and by Langston, Day and Cosgrove [1933J. The 
lesions observed by us conform to the description of these authors, but in our 
t‘xy)eriments the incidence of lens changes was mu(*h lower than that found by 
Day and his collaborators. Tlu^ highcNst percentag(‘ of cataract obtained by us 
in any serii^s of rats was 31, whereas the Aincric^an workers repc'atedly observed 
an inciden(‘c‘ of above 90. 

In those erases in which cataract did occur the progn'ss of the lens changc‘8, 
as observed with the ophthalmosc'ope, followed the course describ(‘d })y Langston, 
Day and Cosgrove [1933]. The first change noted was an irregularity of refrac- 
tion manifested by the appearance of shadows in the ch^ar substance of the lens. 
In a few cases striae were seen extending from the perii)h(‘ry to the nucleus of 
the lens. The lens gradually became^ more opacpie and tlu^ red r(41ex from the 
retina could no longer be obtained; in the final stage d('vt‘loy)mt*nt of the cataract 
progressed to maturity when the whole lens appc'ared milky white. 

The mo.st consistent ocular symptom was that of a superficial keratitis; in- 
flammatory changes in the cornea were obscTVf'd in 92-^100% of rats on the 
Sherman and Spohn diet. In nearly all cases this inflammatory condition cleared 
up as tlu; experiment progressed leaving th(‘. cornea clear; in a few cases it 
n^appeared for a second time, Vascularisation and residual scarring of the 
(*ornea were observed in a few cases. 

8 ki n ^symptoms . 

The skin symptoms observed were not strikingly specific in nature but 
appt'an^d as a general unhealthy condition. Although d(u inatitis was occasionally 
symmetrical in distribution, this was by no means the rule, Soreness, stickiness 
and swelling of the eyelids were common and in many cases tluiro was alopetda 
around tin* eyes. These symptoms apj)eared in an average^ kuigth of time of 
93 days. Alopecia and soreness on the abdomen were noted. H(‘re the sores were 
usually along the mid-line and were possibly aggravated by the rat pressing on 
th(‘, rirn of the food pot. Sores at the base of the tail, on the paws and on the 
throat or at the back of the neck were also noted. In the case of afiected paws, 
the back of the digits was frequently red and inflam(‘d. Generally, the most 
extensive sores appeared on the neck. On the ventral side moist, red inflamma- 
tion was sometimes seen and on the dorsal side of tlie neck some animals 
developed large scabs which would later be cast ofl leaving a bald patch. After 
prolonged i)eriod.^ on the deficient diet the rats had a characteristically dried up, 
dusty af)ptuiranee. The fur looked grayish ; quite distinct from the sleek black and 
white of the control animals. 
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Incidence of symptoms 

The incidence of eye symptoms and skin symptoms in the rats in this experi 
ment is shown in Table 1. It can be seen that whilst the incidence of (cataract was 
31 % , different forms of dermatitis appeared in 92 % of th(' animals. 


Table I. Incidence of ocular changes and dermatitis in rats on the vitamin 
Bo-deficient diet of Sherman and Spohn. 


Symptom 

1. Cataract 

2. Keratitis 

3. Genera] dermatitis 

(i) AfTcK-tion of eyelids (liald, sore, sticky, 

swollen) 

(ii) Abdomen sore or bald 

(lii) Soreness or baldness at base of tail 

(iv) Sore paws 

(v) Sores on neck 


Number of 

Incidence 

Av. time of 
appt'arane-e 

rals alTected 

O ' 

1) 

(days) 

11 

31 

79 

33 

92 

70 

33 

92 

92 

25 

99 

93 

13 

39 

79 

11 

31 

115 

9 

25 

85 

5 

14 

77 


The mortality of this batch of rats was exceedingly low. All the rats that 
faik'd to (h'velop cataract li\ ed for mon' than 88 days. The average survival of the 
rats that died without lens changers appearing was 135 days, while two animals 
wcTc kill(*d after 158 days and four aftcu* 179 days. Whilst the average time taken 
for the dovelojiment of cataract, as shown in thi' table', was 79 days, the earliest 
case oc(*,urre(l in 56 days and the Iasi, in 123 days. No pathological symptoms 
occurred in the twelve control rats n'ceiving autoclaved marmitt*. 


Growth. 

Although the appearance of dermatitis has generally been noticed in 
vitamin Bjj deficii'ncy, the principal criterion of thc' absence of tiu' vitamin is 
la(;k of growth. In the pri'sent casi' the typical flat growth (airv(‘S associatt'd 
with vitamin Bg deficiency were obtained. 

An analysis of the growth of thirty-four test rats and twelve controls is given 
m Table U. 


Table 11. Majcimum increase in weight of rats on the Sherman-Spohn 
vitamin Bo-deficient diet. 

Av. 

nuiximiHU 
growth 
fT- 

12 control rats receiving 1 ml. alk. -autoclaved 14(1 

marmite jjer day 
11 rats developing cataract 
23 rats not developing cataract 

It can be seen that whilst the growth of all test rats on tht^ dit't was very slow, 
the animals developing cataract actually made better growth than the rats 
whose lenses showed no changes. In the case of 29 of thi? 35 test rats listed in 
the table the hnai weight was considerably lower than the maximum weight. 
Also, during the first three weeks, while the animals still had stored n^serves of 
vitamin to draw upon, the rate of growth was greatest. If the growth during 
this preliminary period is subtracted from the total, the average maximum growth 
of all the test rats is 15*2 g. and the average maximum growth of the rats 
developing cataract is 17*5 g. 


Av. 

Av. growth 
per M eek to 

maximum 

time 

weight 

days 

K- 

135 

9-5 

73 

3-9 

88 

21 
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Effect of the addition of cystine on the incidence of cataract. 

The SH-containing compounds, such as glutathione and cysteine, are 
thought to be a part of the specialised respiration mechanism of the lens and 
recent work by Bourne and Young [1934] suggests that naphthalene cataract in 
rabbits may be due to the withdrawal of cysteine. Cascinogen which is the 
source of protein in the present diet contains only a small proportion of cystine 
and Day et al. [1934] stated that when egg white, which is a notoriously rich 
source, is substituted for caseinogen no cataract occurs. The following experi- 
ment was carried out in order to test whether the addition of cystine to the 
vitamin Bg-deficient diet would prevent the appearance of cataract. 

Twelve rats were given the Sherman-Spohn diet as previously described but 
with the addition of 1 % of cystine. Two control rats were also given 1 ml, per 
day of alkaline-autoclaved marmite. A second batch of twenty-three rats was 
given the deficient diet as before with thre(‘ rats receiving marmite as controls. 

Since in the first experiment it had only been possible to obtain a 31 % 
incidence of cataract this second experiment could, at best, only give the most 
tentative results owing to the comparatively small number of rats. In fact, of 
the twclv(‘ rats receiving the diet plus cystine none developed cataract. The best 
survival was 94 days and the average 59 days. Of the tw(uity- three rats on the 
Sherman- Spohn diet, two developed cataract. 

A summary of the experiment is given in Table III . 

Table III. Effect of the addition of cystine to the Eherman-Spohn diet. 

Proportion of Hur- 

Av. time of first Number of rats vivors affected 



appearance (days) 

1 ' ^ 

Diet phi^H 

surviving 

f - ^ 

Diet phifi 

r’ 

Diet 

Diet plvs 
cystine 

O' 

/O 

Symptom 

Diet 

cystine 

Diet 

cyst ine 

o/ 

/<> 

Cataract 

72 



0 

6* 

22 

0 

Keratitis 

2y 

31 

22 

12 

100 

100 

Affected eyelids 

r>4 

50 

13 

11 

85 

82 

Skin sores or baldness 

66 

48 

11 

11 

73 

82 

J3ropped penis 

33 

28 22 

* Survived 72 days. 

12 

50 

58 


The mortality of the rats in this experiment was generally higher than 
before. The second section of Table III therefore gives the number of rats 
surviving after the average time of first ap})earance of each individual symptom, 
and the third section shows the incidence of each partitmlar symptom among these 
surviving rats. Although 22 % of the rats fed on the Sherman-Spohn diet and 
living for 72 days developed cataract, this proportion represents only two rats. 

A summary of the growth data from this experiment is given in Table IV. 

Table IV . Growth of rats on the Sherman-Spohn diet with and without the 
addition of 1 of cystine, 

Av. growth per 



Av. maximum 
growth 

Av. time 

week to maxi- 
mum w'eight 


g- 

days 

g- 

Controls 

120 

112 

7-5 

Diet: (i) cataract 

2 

32 

0*4 

(ii) others 

2 

27 

0*5 

Diet plus cystine 

7 

31 

1-6 
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It can be seen that the growth of the test animals in this experiment was 
even less than before. This could be taken to indicate that their state of vitamin 
B 2 deficiency was more complete. Even so the incidence of cataract has dropped 
from 31 to 22 % on the unaltered Sherman-Spohn diet. 

Effect of maize starch on the production of cataract. 

Previous to the present experiments a large number of rats had been kejit on 
a diet deficient in vitamin Bg without the development of cataract ; the diet Avas 
that commonly employed in the laboratory at University College. It consisted 
of Glaxo “casein” 20%, McCollum salt mixture 5% and rice starch 75%. To 
this ration daily additions of cod-liver oil and Peters’s extract of yeast, to supply 
vitamins A, 1) and B^ , were made. 

Workers on vitamin Bg deficiency have in the past suspected that maize 
contains a toxin which might play a part in the production of the deficiency 
symptoms. In order to test whether the difference in behaviour of rats on the 
University College diet and on that used by the American workers was due to the 
us(' of r\cv starch in the former diet in place of maize starch the following experi- 
mtuit was carrieKl out. 

Eleven rats were started on the Sherman-Spohn diet as before. Fourteen rats 
were given th(^ UnivcTsity CkiUegc diet made with rice starch in the usual way 
and (deven animals w'ere given the Univc^rsity College diet in which maize starch 
had been substituted for rice starch. Each batch of rats was controlled with two 
animals to which autoclaved marrnite was given. 

The growth data for this experiment are shown in Table V. 


Table \^. Orowth of rats fed on three diets deficient in vitamin B*. 


Controls 

Av. maximum 
growth 

g- 

101 

Av. time 
days 

120 

Av. growth |x>r 
week to maxi- 
mum weight 

g- 

5-6 

Sherman-Spohn Diet: (i) cataract 

31 

50 

3*9 

(ii) others 

0 

37 

1-8 

U.C.L. Diet: (i) cataract 

14 

63 

1-6 

(ii) others 

22 

70 

2-2 

Maize starch diet 

21 

61 

2-4 


From this table it can be seen that the average maximum growth on all three 
diets was negligible. 

in this case, again, although the experiment was continued tor 133 days, the 
incidence of cataract was very low. Of the total number of 36 animals on the 
three diets only two individuals developt^d cataract. One of these animals was 
receiving the Sherman-Spohn diet and one the University College diet. No 
cataract appeared in the rats receiving the maize starch diet. Results are set out 
in Table VT. 

From this evidence, therefore, it appears that the maize starch plays no part 
in the production of cataract. On the contrary, those rats receiving the maize 
starch diet survived in better condition that did the animals on either of the 
other rations. 

The last column of Table VI is of some interest. It was shown in Table V that 
DO appreciable growth occurred on any of the diets. Thus, from the point of view 
of growth alone, each was equally deficient in vitamin But as regards 
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Table VI. Symptoms appearing in rats fed on three diets deficient in 

vitamin Bo ■ 


Symptom 

Cataract 
Keratitis 
Affected eyelids 
Skin sores or baldness 


Av. time of first 
appearance 


Sber- 


man- 


Maize 

Spohn 

U.C.L. 

s<;arch 

diet 

diet 

diet 

days 

days 

days 

79 

101 

— 

,‘{2 

58 

87 

52 

07 

76 

81 

44 

103 


Nuinber of rats 
surviving 

/ ^ X 


•Sher- 



man- 


Maize 

JS}x>hn 

U.C. 

stare h 

diet 

diet 

diet 

5 

7 

9* 

11 

11 

9 

7 

11 

11 

4 

13 

9 


Proportion of sur- 
vivors affected 


•Sher- 



man- 


Maize 

•Spohn 

U.C. 

starch 

diet 

diet 

diet 

O' 

O' 

O' 

/O 

/O 

/O 

20 

14 

0 

100 

55 

89 

71 

36 

27 

100 

15 

22 


* Survived 100 days. 


affected eyelidn and skin sores, whilst the iiKudenc'O on the jiractically identical 
U.C.Ij. and maize starch diets was 36, 27, 15 and 22% respectively, the j)er- 
eeritage on the Armnican diet was 71 and 1(X)%. It therefore appc'ars possible, 
either that tht* Sberman-Spohn diet is Jacking in some addititnial factor, which 
may or may not be a part of the vitamin Bg complex (since we must now accept 
the vitamin as such), or that the diet contains some toxic factor. 


Discussion! . 

The r(‘sults obtained by us differ in two important respects from those 
reported by Day and his associate's. First, wlu'reas th(‘ Amc'rii’an workers have 
obtained a very high incidence of cataract, 92-100% of all rats fed on th(‘ 
Sherman and Spohn diet, the highest proportion found by us when the id('nti(*al 
ration was fed was 31 % . S(‘cond, Day and his collaborators have' found that the 
occurrence) of cataract is a more consistent symptom of vitamin Bg delieiency 
than dermatitis. This is not the case in our cxjx'riment where in rats on tlu' 
ShiTinan and 8j)ohn du‘t d<'rmatitis appeared in from 73 to 100% of cases w hile 
catarai^t occurred in only 20-31 %. 

The c;onsistency with wdiich Day and his associates have' been able to repeat 
their observations is impressive, and the evidence which th(‘y present is con- 
vincing. At the saiiK* time our own exp('riments and the (experience of other 
workers show^ that it is possible for rats to survive for long jjeriods on diets 
deticient in vitamin Bg without developing cataract [r. (lyorgy, 1935]. Our own 
experniK'nts in w'hic'h cataracts occurred irrt*gularly and at best in only a small 
jH'rcentage of animals suggest that some dietary factor may be concerned, but it is 
at present nniden tiffed and therefore cannot be controlled. Whether this factor is 
a part of the vitamin Bg comph'X or whether it is some otJuu* substance cannot be 
decided without further investigation. The rectmt work on the separation of 
vitamin Bg into ffaviii and a supplementary substance should facilitate the 
solution of this problem. 

Summary. 

Exj)eriments w^ere undertaken in an effort to repeat the work of Day and his 
collaborators who found that a deficiency of vitamin Bg regularly produced 
cataract in rats. The results were as follows : 

(a) 31 % of 30 young rats fed on the Sherman-Spohn diet deficient in vitamin 
Bg developed cataract in an average period of 79 days. 
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(b) 22 % of 9 rats surviving on the Sherman-Spohn diet developed cataract 
in an average period of 72 days. No cases of cataract occurred among G rats 
surviving for this length of time on the same diet to which 1 % of cystine had 
been added. 

(c) The incidence of cataract among 5 surviving rats on the Sherman -S{)olin 
diet was 20% in 79 days; the incidence among 7 rats fed on a dic't composed of 
caseinogen, salt mixture and rice starch was 14% in 101 days; no cases of 
cataract occurred among 9 rats surviving for 100 days on a di<'t of caseinogen, 
salt mixture and maize starch. 

Since the incidence of cataract in our experiments is relatively low and since 
it was found that numbers of rats could survive for long ])eriods on di(‘ts deficient 
in vitamin Bg without developing cataract, it is concluded that the relationship 
of cataract to vitamin deficiency still remains obscure. The results of our 
experiments suggest that some dietary factor may be conc(^rned in tlu* ]>r()diietion 
of cataract, but whether this factor is the whole of the vitamin t^omplex or 
some (‘.omponont of it, or whether it is some new and unrecognised substance is 
not yet established. 

We are indebted to Prof. J . C. Drummond for his advice* and emtouragement 
during the progress of this work. One of us (M. C. B.) is gratcdid to the Medical 
Res(uirch Council for a grant and the* other (M. A. P.) wislies to acknowledge the 
generosity of Messrs Vitamins l^td, in giving him the opj)ortunity of* taking part 
in this ijivestigation. We are indebted to Mr H. T. Fawns for tin* preparations of 
large quantities of pure cystine and for his g(*nerous assistance* in other respects. 
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CCXVIIL THE SYNTHESIS OF RESERVE 
CARBOHYDRATE BY YEAST. 

L SYNTHESIS FROM GLUCOSE AND MALTOSE AND 
THE INFLUENCE OF PHOSPHATE THEREON. 

By RAOHEL ANNE McANALLY and IDA SMEDLEY-MACLEAN. 

From the Biochemical Department, JAster Institute, 

{Recewed June 6th, 1935.) 

In the courne of an investigation into the carbohydrate and fat metabolism of 
yeast, Smedley-MacLe^an and Hoffert [1923] showed that a mild ale yeast stored 
significantly larger (][uan titles of carbohydrate when it was incubated in maltose 
solution than when incubated in solutions of glucose, fructose or sucrose of 
similar concentration. They concluded that maltose was direc*,tly assimilated by 
the yeast and built up into reserve carbohydrate and pointed out that this 
conclusion was in agreement with the generally accepted view that the maltose 
unit was present in the glycogen molecule [cf. Irvine, 1923]. Their data also 
indicated that the addition of alkali phosphates to the non -oxygenated (carbo- 
hydrate solutions in which the yeast was incubated raisc^d the total amount of 
carbohydrate stored by the? yeast evU [1924]. 

We have now undertaken an analysis of the reserve carbohydrate stored by 
the yeast (^cll under different conditions with particular reference to the glycjogen 
content. 

The methods employed by various investigators for separating the carbo- 
hydrates of yeast are based cither on Salkowski’s nu^thod [1894] of extraction 
of the yeast with 2 % KOH or on Pfliiger’s method for the estimation of liver 
glycogen in which 60% KOH solution is used for the extraction. By using 
dilute KOH, glycogen and yeast gum were obtained in solution, whilst with 
re])eated use of strong KOH, these together with a further fraction of carbo- 
hydrate were dissolved. The latter according to Salkowski [1914] consists of the 
so-called erythrocellulose obtained by him in 1894 by autoclaving with water 
the residue after dilute KOH extraction. This substarnje was identical in pro- 
p('rti('S with gly(;ogen, gave only glucose on hydrolysis but had a lower specific 
rotation than glycogen, [a]x, ITS-T^". Meigen and Spreng [1908] claimed that, 
after further purification, Salkowski’s product had [a]j; 112'', and obtained a 
substance with the same rotation by extracting with 15% KOH the residue 
left after extracting the original yeast with 0-25% KOH. Daoud and Ling 
[1931], however, autoclaved with 2% KOH th(^ residue after extraction with 
2% KOH at normal pressure, thus obtaining only glycogen and yeast gum 
tog(4h(‘r with inorganic phosphate and silica. This latter method is stated to 
bring into solution some 50% more of this residue than did Salkowski’s method 
of autoclaving with w^ater. This fraction therefore probably contained a large 
part of th(' carbohydrate that Salkowski failed to dissolve, which gave mannose 
aiid glucose on hydrolysis and was named by him ‘‘achroocellulose’\ 
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It seems therefore that a portion of the carbohydrate of yeast is present as 
glycogen and yeast gum in soluble form whilst another portion is rendered 
soluble by the action of KOH, then apjiearing as glycogen and gum and possibly 
also some substance (tlosely resembling glycogen. Whether the insolubility of 
th<^ latter fraction is due to its condition in the cell, possibly to the polymerisa- 
tion of the soluble molecules or to esterification with phosjihoric- and silicic acids 
as suggested by Daoud and Ling [1931 J, is not established, nor has the least 
soluble fraction bt^en fidly examined for other }iolysaccharid(\s. 

In our experiments, by one treatment of the yeast with 00% KOil, we 
obtainc'd glycogtm and yeast gum in solution and an insohibhi solid residue'. 
This latter, which though insoluble in water gave a red colour when treated 
directly with iodine, must correspond with th(‘ achroocellulose and erythro- 
cellulose (h'seribed by Salkowski and also with the ('sti'iifii'd glyi'ogtm and yeast 
gum of Ling. We' have re'ferred to this fraction as yeast insoluble carbohydrate, 
thus making no assumptions as to its nature. 

Method of experiment. 

The liquid yi'ast was filtered under diminished pressure and, after washing, 
7 g. of the yeast were taken for analysis, of which 1 g. was used for the estima- 
tion of total carbohydrate, 1 g. for the determination of dry weight and 5 g. 
for th(' si'paration of the individual (‘arbohyiirates. Similar portions of 7 g. 
WT'ight were added to the various media whi(*h were to be investigated. After 
incubation at 25' for the given period, gejK'rally 2 days, the yeast was filtered 
off, w^ashed and the total amount from each medium weighed : on(?-sev(*nth of 
th(^ total was taken for estimation of the dry weight, one-s(^venth for dt'termina- 
tion of total carbohydrate and five-sevenths for separation of the individual 
carbohydrates. In some exiieriments, at the end of 2 days, a sample of the 
medium was withdrawn, the residual sugar estinmted and the appropriate sugar 
added to bring up th(‘ sugar content to the original strength, tlu^ incubation 
being continiu'd for another 48 hours. In other experiments, this process was 
repeated at tlu' ('iid of 4 days, so that the t otal time of incubation reached 6 days. 

The solutions (umipari'd w’ere 5% glucose and 5% maltose with and without 
the addition of ()*05% PO4. The phosphate was addt'd by introducing a suitable 
amount of a solution containing 1*4 g. KH2PO4 and 4-9 g. NagHPO^, I2H2O per 
100 ml. It is important that the spcHumens of phosphate should be t(‘sted to 
see that they are free from any traces of fluoride. 

Total carbohydrate was determined by boiling the yeast for 2 hours with 
N HCl solution and estimating the reducing carbohydrate in tlu^ filtrate by 
Bertrand’s method. This method was used throughout for estimating reducing 
sugar, the result being calculated in all cases as glucose. 

Glycogen was estimated by digesting the yc^ast with 60 % KOH for 3 hours on 
the water-bath, diluting and' making up to 70% alcohol as described by Mayer 
[1923]. After standing, the liquid was decanted and the precipitate filtered off, 
washed with alcohol and ether and digested with hot water, th(^ washing being 
continued until the filtrate gave no red-browm colour with iodine. A solution 
W'as thus obtained, containing the glycogen and yeast gum, and a residue of 
insoluble carbohydrate. An aliquot part of the solution was used for the esti- 
mation of glycogen and gum: the rest was saturated with ammonium sulphate, 
thus precipitating the glycogen, which was filtered off, hydrolysed and estimated 
as reducing sugar in the hydrolysate. Insoluble carbohydrate in the residue 
was hydrolysed and similarly estimated. In all cases the carbohydrate was 

Bioohem. 1935 XXIX 
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hydrolysed by heating for 2 hours on the water-bath with N HCl, this method 
having been compared witli the more usual one for the hydrolysis of glycogen 
with 2-2 % HCl for 3 hours and found to give tlie same results. 

Results (Table I). 

Total curhohydrate. The amount of carbohydrate stored was increased after 
incubation in the glucose solution but after ineubatioii in maltose or in a 
glucose-phosphate medium this increase wa>s ap])roximately doubled. Addition 
of phosphate to th<' maltose medium caused a further increase of the total 
carbohydrate stoned. 

Glycogen. The gly(!Ogen showed more consistent variations with th(‘ differences 
in media than did the storage of the other carbohydrates, (dueose product*d a 
d(‘finite increase in glycogen content compared with that of the original sample 
of yeast: where the same sample of yeast was used, incubation in glucose- 
phosphate medium always produced more glycogen than incubation in a pure 
glucose solution. The glycogen content of the yeast from the maltose medium 
was always v(tv high; it far exceeded that from the glucose medium and 
generally, but not quite invariably, that from the glucose-pliosphate solution. 

(Jonsiderable variations were found in th(^ power of the different samj)l(‘8 of 
yeast used to form glycogen, although the yeast was obtained from the* same 
brewery. Thus for several weciks samples would giv(‘ relatively high storage 
followed by a period in which in all experiments relatively low storage was 
obtained. It is therefore important that corresj)onding expcTiments should be 
carried out with the same sample of yeast in tlu‘ different media. 

In the majority of the experiments where samples of yeast incubated in 
maltose and maltose-phosphate media were compared the glycogen content of 
the latter was the higher : the difference was however usually not so marked as 
that between the glycogen values of the yeast incubate^d respectively in glu(H)se 
and in glucose-phosphate solutions, and in some cases the amount of glycogen 
from a maltose-phosphate medium was less than from a maltose medium. 

Insoluble yeast carbohydrate (so-called cellulose). The content of insoluble 
carbohydrate was raised after incubation in eithtT glucose or maltose solution. 
The maltose was perhaps slightly more efficient, but no such marked diffiirenct' 
as occurs in the case of glycogen storage was observed. Tlu' addition of phos- 
phate produced a definite increase in the amount of insoluble carbohydrate 
stored, the eftec‘t being somewhat greater when the ^)hosphate was addcnl to the 
glucjose than to the maltose solution. On the whole the glu(*osc-phosphate 
medium appeared to be the most favourable for the development of this fraction. 

Yeast gwm. This was estimated by subtracting the weight ot glycogen from 
the total soluble carbohydrate present. In some cases it was confirmed by 
estimation of the gum by precipitating with Fehling’s solution and hydrolysing. 
Here an increase appeared to have been obtained after incubation in all the 
(Carbohydrate media investigated except glucose; maltose and glucose-phosphate 
media were equally favourable. The maltose-phosphate medium was on the 
whole the best but the difference was not sufficiently striking to be regarded 
as significant. When the gum was estimated directly the differences in stcjrage 
appeared to be even less marked. 


SUMMABY. 

1. The addition of phosphate to glucose or maltose media caused increased 
storage of glycogen, yeast gum and yeast insoluble carbohydrate by the yeast 
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2. The glycogen stored by yeast incubated in a maltose medium far exceeded 
that stored when the yeast was incubated in a glucose medium and usually 
exceeded that stored in a glucose solution of like concentration to which phos- 
phate had b(^(m added. 

3. This appears to be the first recorded instance of a direct biological 
synthesis of glycogen from maltose. 
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CCXIX. THE OXIDATION OF PHENYL DERIVA- 
TIVES OF FATTY ACIDS WITH HYDROGEN 
PEROXIDE IN THE PRESENCE OF COPPER. 

By ROBERT OWEN JONES akd IDA SMEDLEY-MACLEAN. 

From the Biochemical Department, Lister Institute of Preventive Medicine, 

(Received June 25th, 1935.) 

The irK^tbod and extent of the oxidation of the phenyl derivatives of the fatty 
acids in vitro is of especial interest since it is largely on the n^sults of feeiling 
experiments carried out with th(\se acids that Knoop’s theory of the /3-oxidation 
of the fatty acids in the body has been built uj). In the pn'sent investigation 
wc‘ examined the influene(‘ of a cupric salt on the oxidation of phenyl derivatives 
of the fatty acids by means of hydrogem peroxich^: an excess of the hydrogen 
])eroxide was run into the mixture of sodium salt of the phenyl-substituted 
fatty acid with a small proportion of cu})ric salt, as in th(‘ method already 
described for the oxidation of fatty acids (Snu^dley-Macljcan and Pearce, 19J4|. 
At 90’ the phenyl derivative's were iinnh more rapidly attacked than the fatty 
acids themselves and it was found that even at OO'' in less than an hour thc^ acid 
in some cases Tvas almost entirely converted into carbon dioxid(i: no attempt 
was made to keep either the concentration of the peroxide or the pjj constant. 

The results of the oxidation of the fatty acids under parallel conditions are 
also given in Table I. In the absence of copper benzoic acid was almost 
unattacked at 60"^, formic being ratluT better oxidised: propionic^ and butyric^ 
acids were almost unattacked ; in the aromatic acids the extent of the oxidation 
increased with the length of the side-chain. 

The addition of the cupric salt increased the amount of oxidation in all cases 
but most markedly in the aromatic series: formic and benzoic^ acids were readily 
attacked but the most vigorous action occurred with })henylacetic acid, for in less 
than half an hour 80% of this acid was oxidised to (X)^. A few minutes after 
the reacting substances were mixed together there was a rush of carbonic acid 
through the absorption apparatus, the effect being most striking wh(‘ri th(' 
peroxide and sodium phenylacetate were heated at 60^ and the cupric salt solu- 
tion then run in. The special susceptibility of phenylacetic acid to oxidation is 
possibly due to the fact that /S-oxidation would take })lace at the nuclear carbon 
atom to which the sidci-chain is attached. 

Both in the presence and absence of the catalj^st, the unsaturated cinnamic; 
acid was less readily oxidised than phenylpropionic acid. 

In order to throw some light on the intermediate stage's of the reaction, a 
series of experiments was carried out in which only limited amounts of hydrogen 
peroxide were added: at the end of the hour’s heating, the residual solutions 
gave positive tests for the presence of phenolic compounds: qualitative tests 
with solutions of ferric chloride, silver nitrate, potassium cyanide, alkali and 
gelatin demonstratc^d the presence of polyhydroxy -compounds amongst which 
gallic acid was positively identified. The c;arbon content of the organic matter 
extracted by ether from the residual solution was 51*6%, theory for gallic acid 
requiring 49*4 % , 
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Table I. 


Oxidation of aliphatic acids and phenyl-szihstituted fatty acids with hydrogen per- 
oxide. at 60° for one hour (A) withoat a catalyst, (B) with a copper catalyst. 


Percentage of carbon as 

Aliphatic acids. 

Formic 

acid 

Acetic 

acid 

Propionic 

acid 

Butyric 

acid 

A 

Unchanged acid 

88-0 


980 

990 


Carbon dioxide 

10*2 

— 

00 

10 

B 

Unchanged acid 

11*3 

6o-0 

50-0 

82-0 


Carbon dioxide 

96- 1 

31*3 

25-2 

7*9 


Aldehyde and ketone 

00 

0-0 

J-9^ 

5-9t 


Formic acid 


24 

60 

1-9 


Succinic acid 


00 

— 

1-2 


Oxalic acid 

— 

— 

14 

— 


* Acetaldelij^le. t Acetoiio and aldehyde. 


i*HENYL-SUBSTITi:TED ACIDS. 


Percentage of carbon as 

Benzoic 

acid 

Phenyl- 

acetic 

acid 

Phenyl- 

propirinic 

acid 

Cinnamic 

acid 

Phenyl- 

butyric 

acid 

A Unchanged acid 

99-8 

80-0 

76 0 

72*0 

61*2 

Carlion dioxide 

0-2 

40 

11 0 

1*5 

8*5 

Aldehyde and ketone 

Trace 

Trace* 

Tracef 

3"raco 

0*7f 

Formic acid 

0-0 

0-9 

OO 

1 9 

1*1 

Acetic acid 

— 

10-5 


— 

7 4 

Succinic and oxalic acids 

— 

— 


— 

Present 

li Unchanged acid 

0-2 

1-8 

3-0 

5*1 

1*5 

Carbon dioxide 

62-6 

774 

53 2 

27*1 

214 

Aldehj^'de and ketone 

0-5* 

0-3 

Of)t 

1 Of 

1-5 

Formic acid 

4*7 

3-3 

1-7 

7*9 

10*3 

Acetic acid 

3*3 

84 

— 

6*1 

6*5 

Succinic acid 

— 

— 

6-0 

... 

42*0 

Oxalic acid 

1 ’resent 

3-8 

4*7 


22*0 

* Formaldehyde. 

t Benzaldehyde, 


1 Acetone. 


Dakin and Hert(»r [1^07] showed that by thi^ oxidation of phenjdalanino 
with hydrogen peroxide hydroxy-groups were introdneed into the aromatic 
nucleus and that the action of hydrogen peroxide on benzoic acid resulted in 
the formation of salicylic acid with smaller quantities of rn- and p-hydroxy- 
beiizoic acids. There was also evidence of the pn^sence of dihydroxy -compounds. 
Tndi(*ations wctc obtained that tlie reaction proceeded to some extent at labo- 
ratory t(‘mperature, but in the actual experiments described the reaction mixture 
was heated for some hours at 100"^. j8-Phenylpropionic acid yielded j8-phenyl- 
hydroxypropionio acid, acetophenone being also identified. 

Traulx? [lOlOJ showtMl that polyhydroxy-aliphatic compounds were oxidised 
by hydrogt'ii peroxide in the presence of copper, a complex cupric ion being 
fonned. Since hydroxylation of the nucleus occurred in the absence of copper 
the cuyiric salt probably reacts with the phenolic groups, as Weinland and 
Walter [1923] have shown happens in the case of catechol, and exercises a potent 
effect on the disruption of the benzene nucleus. That, in the presence of copper, 
it is the nucleus which is the chief point of attack seems also indicated by the 
fact that the oxidation is less potent with increasing length of side-chain, whereas 
in the absence of copper the reverse effect occurs. 
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The formation of succinic acid from phenylpropionic and phenylbutyric acids 
would indicate that oxidation had taken place in the y-position. No evidence 
of the presence of any ketone was obtained. As in the case of the fatty acids 
[Smedley-MacLean and Pearce, 1034J the introduction of the cupric salt led to 
the formation of hydroxy- and not of keto-compounds. 

Salkowski [1879] showed that phcnylacetic acid was not oxidised in the 
organism but was excreted as phenylaceturic acid, whereas phenylpropionic acid 
was oxidised to benzoic acid and then eliminated as hippurie acid. Knoop [1904] 
exttmded this work and showed that when the phenyl derivatives of the fatty 
acids were fed to dogs, if the acid contained an even number of carbon atoms in 
the side-chain, phenylacetic acid appeared in the urine: if the side-chain con- 
tained an odd number of carbon atoms benzoic acid was eliminated, both the 
phenylacetic and benzoic acids being coupled with glycine. Quick’s results [1926] 
make it probable that these acids are almost entirely eliminated either in com- 
bination with glycine or glycuronic acids. Dakin [1908] tested the hypothesis 
that the resistance of these acids to oxidation in the organism might b('. due to 
tlui protective action of the coupling with glycine: he carried out feeding ex- 
j>erimcnts in which phc^nylpropionylglycine w^as fed: no ejuantitative data are 
given but the normal oxidation products of the uncoupled acid were detected 
in the urine, amongst them cinnamoylglycine. Since in the body however the 
(‘oupling either does not take place or does not become protective until the stage 
of benzoic or phenylacetic acid has beem reached, we carried out experiments 
to ascertain wliether coupling with gly<5ine affected the oxidation of these acids 
with hydrogen j)eroxide in the presence of copper and found that a marked 
degr(jf; of protection was accorded. The results are recorded in Table TI. 

Table II. Percentage, of carbon evolved as carbon dioxide durmg oxidations by means 
of hydrogen peroxide for one hour at 6(P ivith a copper catalyst. 




If coupled 
compound 




Experime'iital 

hehavcK as 

Experimental 


value 

a mixture 


value 

Acetit! acid 


.38-2 

Aeeturic acid 

15-3 

Glycine 

45-2 




Benzoic acid 


.590 

Hippurie acid 

0-2 

Glycine 

45-2 



Phenylacetic acid 

774 

70-7 

Phenylaceturic acid 

390 

Glycine* 

45-2 





We know nothing as to how this coujding is effected in the body, but the 
fact that coupling with glycine almost entirely prevents th(* oxidation of benzoic 
acid by hydrogen peroxide in the presence of a copper catalyst would support 
the view that the coupling acts as a protective mechanism. 

SrMMARY. 

1. H 2 O 2 in the presence of a cupric catalyst rapidly oxidised the phenyl 
derivatives of the fatty acids, phenolic compounds being formed as intermediate 
stages, 

2. In the absence of the catalyst, with increasing length of side- chain, more 
of the acid was oxidised; in its presence phenylacetic acid was most readily 
attacked, 80 % of its carbon being converted into COg in less than half an hour 
at 60^ 
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3. Coupling with glycine rendered acetic, benzoic and phenylacetic acids less 
susceptible to oxidation, liippuric acid Ixdng practically unattackcd under the 
conditions of oxidation used. 
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It has boon shown [Cluttorbnck et ah, 1934] that Fenicilliura Charlesii G. Smith 
produces from glucose a polygalacto.se, a polymannose and a variety of meta> 
l)olic acids. Evidence eoneerning the structure^ of the acids has recently het'ii 
published by Clutterbuck et ah [1935, 1, 2]. 8imultan(‘ously with th(* work then* 
record(*d inv^estigations of the ab.sorption spectra of these substances were 
carried out in this laboratory with the idea that correlation of tin* data with 
the results of (chemical transformations woukl be of assistance in the allocation 
of structural formulae. The present paper deals with the absorption spectra of 
carlic, carolic, carolinic and carlosic? and other acids from the point of view of 
structural ndationships and it will be seen that the observations now recorded 
give strong support to the con.stitutional formulae advocated by Clutterbuck et ah 
[1935.1,2]. 

8iiice a-ethyltetronic acid (I, /?i==Et: and a-at^etyltetronic acid 

(IL Ri = CH 3 ; R 2 = H) occupy special jjositious as reference substances in con- 
nection with the subject matt(T of this paper their absorption spectra will be 


HO. 






Ri 




f=o 


HO, 


R,— CH 




Ri 

C -.0 


( 


c=o 


II 


HO, 


H— I 


OH 

r,/ 




I 

r 




c=o 


HO-tp—H 

CHjOH 

III 


considered first. Aqueous solutions of a-ethyltetronic acid are characterised by 
a single intense band with head at A258tw/u,, tht^ corresponding value of the mole- 
cular extinction coefficient (emax.) being 12,000. In acidified aqueous solutions 
the values are A233m^, and cmax. 12,000 respectively, but in alkaline solutions 
the head of the band is at A258m/xand the value of cmax. is 18,000. This behaviour 
resembles very closely that of ascorbic acid (111) wliich has a single band at 
A205w)a in alkaline solution and at A245w/Lt in acidified aqueous solution (non- 
ionised condition) [Herbert et ah, 1933; Baird el ah, 1934]*. Reference to 
the formulae shows a close structural similarity between the two substances 

( 1881 ) 
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and ascorbic^ acid is in fact an example of formula 1 with = and 
7^2 = — CHOH.CHgOH. Both ascorbic acid and ethyltetronic acid possess a 
lactonic CO group forming part of a system of conjugated double bonds to which 
the observed absorption is attributable. There is however one point of difference 
sufficiently noteworthy to require further comment. The — C(OH) = C(R) — 
group in a-ethyltetronic acid is much less sensitive to oxidation in alkaline 
solution than is the corresponding dienol group of ascorbic acid. For this 
reason the absorption of the ionised form of a-ethyltetronic acid is readily ascer- 
tainable but s|)ecial precautions are necessary when solutions containing ionised 
ascorbic acid are under examination. For example when the absorption in pure 
water is being measured it is important to exclude all traces of metallic cata- 
lysts [cf. Mawson, 1935; Zilva, 1935]. Owing to the intensity of the band the 
aqueous solutions generally used for absorption work are excessively dilute 
(about 3//1 0,000) and under these conditions ascorbic acid (for which 
log A^= -~4-l) is mainly but not entirely in the ionised state. The absorption 
spectrum is therefore composite and the full intensity of the band at A265m/x 
characteristic of the ionised acid is not developeKl. The absorption at A245mp, is 
not snfficiiently intense to be observed as a baud and the main feature is the 
band at A 265 which has ^max. 10,000. If to su(*h a sohition having emax. 10,000 
acetate buffer containing a trace of potassium cyanide (ilf /lOOU) is added to 
bring the to 5 the ascorbic acid becom(\s completely ionised, Amax. reunains at 
2^5niijL and the value of cmax. rises to 13.000. It is of cours(» possibk^ that in 
addition to ionisation other changes in the molecule aflVcting absorption may 
be promot<*d by the alteration from acid to alkaline conditions, but it is important 
to note that oxidation is not responsible for the lower value in wat(*r as com- 
pared with that in the acetate buffer [cf, Robertson, 1934], In accordance with 
expectation concentrated aqueous solutions of ascorbic acid (iY/10), which have 
a lower pjj value, display the absorption band (Amax. 245 w/x) of the non-ionised 
acid [Herbert, Hirst and Wood, 1933]. Numerous synthetic analogu(\s of ascorbic 
acid, many of which are entirely devoid of antiscorbutic activity display similar 
absorption bands and it will be shown below that all the* natural products 
referred to in this paper possess bands in close proximity to that of /-ascorbic 
acid (vitamin C). For these reasons it is obvious that spectrophotometric methods 
for the assay of vitamin C should be used only with great caution. 

The transition from a-ethyltetronic acid to a-acetyltetronic acid (IT, = CH3 ; 
7/2 = H) involves the addition of another unsaturated grouping to the molecule 
and a corny )lex system of conjugated double linkages results. The absorptive 
power is thereby profoundly modified and is now characterised by two intense 
liands^ situated respectively at A265m/a and at A23()m/x the value of cmax. being 
15,000 for both. A further difference is that there is now no appreciable change 
in the wave-length at the heads of the bands when aqueous acid or aqueous 
alkaline solutions are used in place of solutions in pure water. 

The following four metabolic acids of P. Ckarlesii, carlic, carolic, carolinic 
and carlosic acids, display in aqueous solution absorption s|>ectra characterised by 
two strong bands, the positions and intensities of which offer the closest possible 
parallel with the corresponding data for a-aoetyltetronic acid. Furthermore on 
reduction these acids give, by replacement of one oxygen by two hydrogen 
atoms, tetrahydro-derivatives which show single banded absorption spectra, 
the position and intensity of this band being closely similar to those of a-ethyl- 
tetronic acid. The absorption data therefore suggest strongly that in aqueous 
^ It is not possible, from the data available, to apportion the contributiona of the various 
groupings to these two bands. 
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solution these four acids possess markedly similar structures and that they are 
related to their tetrahydro-derivatives in the same manner as acetyltetronic 
acid is related to a-ethyltetronic acid. In conjunction with the chemical evidence 
put forward by Clutterbuck et al. these results provide strong (evidence in favour 
of the formulation of the four substances as the following dc^rivatives of acetyl- 
tetronic acid (formula TI) : 


Substance 

Carolinic acid 
CarlosK; acid 
Carolic acid* 
Carlic acid* 


— (OH2)2.C()OH 
~{0H2)2.CH, 
~(CH2)2.CH20H 
— (CH2)2.CH2()H 

* Hydrated form. 




— CH^.COOH 
--CH3 

-CH^.COOH 


The tetrahydro-derivatives are derived from formula I in the following way. 


Substance 

Tet rahy drocarol in i c acid 
Tetrahydrocarlosic acid 
Tetrahydrocaroiic acid 
Tot rahy drocarlic acid 


II, 

— (CH2)a.COOH 

(CHjjg . CHg 

~-<CH.)3.CH20H 


-CH3 

-OHg.COOH 

--CH3 

--CH2.COOH 


These four acids are sc'parate^d into two distinc;t groups by virtue of important 
differences in behaviour between carolinic and carlosic acids on the one liand 
and carolic and carlic acids on the other hand. Whereas carolinic and carlosic 
acids display normal properties and have similar ai)sorption spectra in aqueous 
and non-aqueous solvents, carlic and carolic acids crystallise with one molecule 
of water less than is represented by the above formulate and the anhydro-acids 
contain no appreciable active hydrogen (hydroxyl groups) when tested in 
anisole by the Z(*rewitinow method. The crystalline acids dissolve in water 
giving the hydrated forms indicat(»d above, but the anhydrous forms of carolic 
acid and carlic acid have polycyclic structures. For suggestions concerning the 
nature of these ring systems the paper by Clutterbuck et al. [1935, 2] should be 
consulted. It suffices to say here that examination of the absorption spectra 
has revealed that in a non-aqueous medium (dry alcohol) both carolic and carlic 
acids display a single absorption band (A 270-272 Wju) in place of th(‘ two well 
marked bands found in aqueous solutions. Strong indications are thus afforded 
of a difference in structure between the hydrated and non-hydrated forms and 
the close rc^semblance in the behaviours of carolic and carlic acids points to the 
operation of similar causes in both cases. In this respect the correlation of the 
chemical evidence with the absorjjtion data presents difficulties in view of the 
structural differences between the formulae for (^arhc and carolic acids suggested 
by Clutterbuck et aL 

The series of observations was extended by the investigation of various 
structurally related acids, of which Z-y-methyltetronic acid (I, \ 7^2 = Me) 

is a metabolic product of P. Charlesii. Its absorption falls exactly into line with 
others of this general type. Another example is y-carboxymethyltetronic acid 
(I, = Pg — CHg.COOH) which has a similar absorption spectrum. In 

addition two other acids of this series were encountered by Clutterbuck et al. 
[1935, 3], namely, ramigenic acid and verticillic acid which have been shown by 
these authors to be products derived by the condensation of ^y-me^thyltetronic 
acid with acetone. The absorption spectra are characterised by a single band with 
high values of cmax. corresponding with the high molecular weight and the 
number of absorbing centres of the tetronic acid type present in the molecule. 
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Details of absorption spectra. 

The measurements were made with solutions containing about 2 mg. of the 
substance under examination in 100 ml. of solution. The figures given in Table I 
are molecular extinction coefficiemts, calculated from the expression log IJI=^€lc 
where c is the concentration in terms of g. mols. per litre. Figs. 1 and 2 show 


Substance 

a -Acetyl tot ronic acid 
Carohe acid 
Garlic acid 
Carolinic acid 
Carlosic a(!id 
a-Ethylletronic acid 
Z-y-Methyltetronic acid 
y - Carbox y methyl t.et ronic ac i d 
Tetrahydrocarolin k*- acid 
Tetrahydrocarlosic acid 
Tetrahydrocarlic acid 
Tetrahydrocarolic acid 
Ramigenic acid 
Wrticillic acid 


Table 

Substance 

a-Acetyltetronic acid 
Carolic acid 
Caiiic acid 
Carolinic acid 
Carlosic acid 
a-Ethyltetronic acid 
/-y-Methyltetronic acid 
y-Carboxymethyltetronic acid 
Tetrahydrocarolinic acid 
Tetrahydrocarlosic acid 
Tetrahydrocarlic acid 
Tetrahydrocarolic acid 
Ramiccnic acidf 
Verticillic acidf 


Table I. In water. 



A 


A 

lo.UUU 

265 

0000 

243 

13,500 

265 

75(M) 

245 

10,400 

266 

7500 

245 

13,H00 

265 

8600 

242 

14,000 

265 

75(H) 

245 

12,0(K» 

25S 



17,000 

248 



11,500 

248 



1 1,.500 

252 



0,000 

252 



12,000 

258 



12,500 

257 



17,000 

252 



53,000 

250 




* Approximate v'alue. 



A 


A 

lo.CMM) 

265 

9000 

243 

14,000 

268 

60tM) 

245 

14,200 

266 

6.500 

245 

13,800 

265 

86(H) 

242 

I4,0(M) 

265 

7500 

245 

12,000 

233 



14,000 

226 7 



9,000 

228 



11,500 

232 



9,500 

235 



12,000 

234 



11,000 

233 



16,000 

235 



38,(KH) 

228 




€niiix 

A 

€inm 

A 

15,(K)0 

230 

1000* 

200* 

13,(HK) 

230 

1000* 

200* 

14,200 

230 

1000* 

2(H)* 

12, 6(H) 

230 

1000* 

2(H)* 

13,200 

230 

1000* 

200* 


€iniiv 

A 

€imn 

A 

15,(H)0 

230 

— 

— 

8,500 

230 

1000* 

200* 

8,200 

230 

KHH)* 

200* 

12,600 

230 

KHM)* 

2(H)* 

13,200 

230 

1000* 

2(M)* 


II. In acid solution (^(40 II 2 SO 4 ). 


* Approximate value. t A7^^> ^2^0, . 


Table III. In alkaline solution {aqueous NaOH). 


Substance 

€niax 

A 

€niJ« 

A 

€u»ix 

A 

^min 

A 

(d) a-Acetyltctronic acid 

15,000 

263-5 

8,000 

243 

15,000 

230 

6,5(H) 

213 

(a) Carolic acid 

13,500 

265 

7,500 

245 

13,000 

230 

6,5(X) 

214 

(h) Garlic acid 

16,400 

266 

7,5(K) 

245 

14,200 

230 

5,500 

214 

(r) CUarolinic acid 

13,800 

265 

11,000 

244 

]4,(HX) 

230 

9,400 

216 

(d) Carlosic acid 

15.000 

265 

8,000 

245 

13,500 

230 

12,500 

217 

(d) a-Ethyltetronic acid 

18,000 

258 

3,000 

225 





(a) /-y-Methyltetronic acid 

20,400 

250 

3,400 

220 





(d) Carboxyraothyltetronic acid 

17,500 

250 

1,800 

218 





(a) Tetrahydrocarolinic acid 

16,000 

25.5-60 

1,600 

220 





(a) Tetrahydrocarlosic acid 

19,000 

260 

3,500 

225 





(d) Tetrahydrofjarlic acid 

19,000 

258 

4,000 

225 





(d) Tetrahydrocarolic acid 

17,000 

258 

4,(X)0 

226 





(e) Ramigenic acid 

21,000 

254 

4,500 

212 





(/) Verticillic acid 

64,000 

250 

9,000 

218 






(a) A7100 NaOH. (?>) A7200 NaOH, (c) JVr/20 NaOH, (d) A75O NaOH, (e) A/500 NaOH, 

(/) A/150 NaOH. 
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•Substance 

Table IV. In alcohol. 

^Hiax A 

^miii 

Carolic acid 


272 

4000 

Garlic acid 


270 

oOOO 

Tetrahydrocarlic acid 12,000 

230 



A 

238* 

236* 


* Below this wave-len^rth the value of e increases regularly 
and reaches 7/>(X) at A 210w/x (see Fig. 1). 


typical curves given under different eonjlitions by substance's of formulae I 
and 11 rcsj^ectively. Since the siiaj)es of the corresponding curves vary little 
from substance to substance within each group it is not necessary to giv<' detailed 
graphs for every substance and it is sufficient to tabulate the essential points of 


111 



Fig. 1. 1, Z-y-nic'thyltotronic- acid in .V/lOONaOH (I mg. per 100 ml: 1 cm.); IJ, /-y-niethvl- 
tetronic acid in water (Img. per 100ml.; /, 1cm.); Ill, /-y-methyltetroiiic acid m 
aV/40H,SO4 (1 mg. per KKlinl.; Z, 1 cm.); IV, carolic acid in alcohol (2-2 mg. per 100 ml.; 
/, 1 cm.). 

Fig. 2. J, carolic acid in water (2-7 mg. per 100ml.; /, 1 cm.); 11, carolic acid in A7IOO NaOH 
(2-7 mg. per 100ml.; Z, I cm.); Ill, carolic acid in N/U) H2SO4 (2-7 rag. per 100ml.; Z, 1 cm.). 

interest, namely, the values of A and € at the maximum and minimum points on 
the curves. These are given in Tables I~IV. It should be noted that the tendency, 
shown by curve II on Fig. 1, to broaden out towards the base is apparent even 
more markedly with aqueous solutions of other substances of formula I. This is 
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almost certainly due to the presence in the aqueous solution of a small pro- 
portion of the substance in the form which gives the band shown in curve III 
(see remarks above on the absorption spectra of ascorbic acid). The figures for 
carlic and carolic acids in Tables I-IV are based on the formulae CioHioOe and 
C0H1OO4 respectively (anhydrous forms). 

Summary. 

1. The absorption spectra of (*arolinic, carlosic, carolic and carlic acids 
(produced by the action of PenicAllium, Cfuxrkmi G. Smith on glucose) have been 
investigated under a variety of conditions. 

2. it is shown that the absorption s])ectra of the four acids show the closest 
possible similarity with that of a-acetyltetronic acid and that the absorption 
spectra of the rc^duced acids resemble thost^ of a-ethyltetronii^ acid, i-y-methyl- 
tetronic acid and /-y-carboxymethyltetronic acid. 

3 . In dry alcohol carolic and carlic acids show an absorption spectrum 
different from that given by the hydrated acids in water. 

4 . It is shown that the absorption data can bc' (correlated with the chemical 
properties of the substances and the observations are discusscHl from the point 
of view of structural relationships. 

All the above substancjos are clost»ly related to ascorbic acid and th(^ 
bearing of the results on the use of the spe(drographi(^ method for the estimation 
of vitamin (' is discussed. 
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The present stud}^ is concerned with two cases of diabetes mellitiLs with intense 
lipaemia. At the height of the lipaemia, th(' plasma fat ranged from 9 to 22 % , 
and these extraordinarily high values made it possi})le to extract and analyse tlu' 
fat by large-scale methods. Such opportunities rarely occur, and it seemed worth 
while to study the comj)osition of the fat, and in particular, to determine the 
iodine value of the separatcKl fatty acids in the hope of obtaining some informa- 
tion as to the source of the fat in diabetic lipaemia. Comparisons were made 
between the fats of the food and those of the blood, but as the lipaemia diminished 
very quickly under treatment, these experiments were made* during the |ieriod of 
recovery and not at the height of the lipaemia. 

Methods. 

Extraction and estimMion of total fat. A measured volume of plasma was 
diluted to 20 nil. with water, and an equal volume of alcohol was added. This was 
extracted with a mixture of equal parts of ether and light petroleum. The ether- 
petroleum layer w'as separated, the extraction w as repeated twice more, and the 
(extracts were combined. The solvent w^as removed by distillation followed by 
storage of the residue in a vacuum desiccator until constant wxught was reached. 
The total fat was (calculated from the weight of this extract. 

Saponificatio7i and separation of fatty acids and unsajwnifiable matter. A 
weighed amount of the extracted fat (usually 0-2-0’6 g.) was dissolved in neutral 
alcohol. An attempt was made to titrate any free fatty acid in this solution, but 
none was found. The material was saponified by heating with alcoholic potash 
under a reflux condenser (|-4 hours) and the saponification value was estimated 
by titration of the excess KOH. The solution containing the soap and un- 
saponiflable matter was concentrated and transferred to a separating funnel, 
using alternately water and alcohol, so that after complett' transfereiKic the 
mixture contained approximately equal parts of w^ater and alcohol. The un- 
saponiflable matter was removed by three successive extractions with a mixture 
of equal parts of ether and light petroleum. The combined solution containing 
the unsaponifiable matter was washed by shaking with water, the aqueous 
washings being added to the main solution of soaps. The solvent was removed 
from the unsaponifiable matter and the extract weighed. 

The alcohol-water solution containing the soaps was next acidified, and the 
fatty acids extracted three times with ether and petroleum. The combined 
solutions were washed with water, the solvent was removed and the extract 
weighed. 


( 1887 ) 
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Cholesterol, For the majority of analyses the colorimetric method of Myers 
and WardelP was used. In some instances the results were confirmed by 

the digitonin method as used by Gardner and Gainsborough [1927]. 

Lipin phosphorus. A known amount of the fat was digesk^d by heating with 
sulphuric acid and hydrogen peroxide (perliydrol), the peroxide being added 
cautiously in successive small amounts until the digestion was complete. The 
resulting solution was diluted and treated with an excess of sodium hydroxide. 
The solution was evaporated to dryness and the n^sidue ignited. The final residue 
was dissolved in water and the phosphorus was estimat<Kl colorimetrically by the 
method of Kuttner and Gohen [Kuttner and Lichtenstein, 1930]. 

Iodine values were determined by the method of Wijs. 

Clinical and (\r peri mental notes. 

('me 1. R. W., male, age 25, was admilted to the Newcastle General Hospital in March 1934. 
He had been treated for diabetes for b months with insulin and dietetic measures, but shortly before 
admission had indulged in large amounts of carbohydrate. No unusual amount of fat was taken. 
On admission, he had glycosuria and intense ketonuna, and the fasting blood sugar was 0*312%. 
The whole blooil was the colour of chocolate. The plasma separated quickly and had the appearance 
and consistency of cream. The plasma fat was 22 the cholcste^rol (Table T). Under 

Table I. R.W. First series of observations. 


Conditions 

4~5 hours after breakfast and insulin 

Date 

. 22.iJi. 34 

23. iii. 34 

10. IV. 34 14. iv.: 

Total fat, % of plasma 

22*0 

1S*7 

2*71 1*87 

“Lecithin,” % of plasma (calculated from 

0*95 

— 


lipin P) 

Cholesterol, % of plasma 

1*41 

1*31 

0 75 

Cholesterol, % of corpuscles 

— 

~ 

0*16 — 

Composition of plasma fat: 



^ ^ / 

Free fatty acids 

AbHCIlt 

Absent 

Absent 

Total fatty acids, total fat 

— 

80*1 

53*3 

“Lecithin,” % of total fat 

4*1 




Total cholesterol, % of total fat 

7*3 

7*0 

25*8 

Unsaponifiable matter, % of total fat 

— 

12*6 

38*4 

Saponification value 

206 

201 

. — 

Separated fatty acids: Mean mol. wt. 


276 

— 

I.v. 

- , 

68*5 

82*6 

I.v. of fatty acids in diet (approximately) 

? 


44 


treatment by diet and insulin the lipaemia and the hypcrglycaemia were controlled. During the 
jH^riod of recovery a special diet w as given in order to compare the fats of the food with those of the 
blood. This was started on Aug. 7th and continued until Aug. 14th, tw(» blood samples being taken 
during this time (Table I). During the same period the average daily excretion of fat in the faeces 
was 5*5 g. The experimental diet contained 55 g. protein, 129 g. carbohydrate and 106 g. fat 
daily. Of the fat, 84 g. wore given as butter, 18 g. were derived from eggs and the remainder from 
vegetable sources. The butter w as analysed ; the daily ration would yield 80 g. fatty acids of i.v. 
39*1. The eggs were not analysed, but on the basis of figures given by Needham [1931] it was 
calculated that the daily ration of eggs w^ould yield 15 g. fatty acids of mean i.v. 70. The mean 
I.v. of the fatty acids in the food would be 44. 

The patient recovered and was discharged when a propei balance of diet and insulin had been 
established. 

^ It was noted that the rate of colour development was sometimes more rapid in the chloroform 
solutions of blood-fat than in pure cholesterol solutions. Erroneous results were obtained if the 
estimations were made after 10 minutes’ colour development. At 15 minutes the colour was 
maximum in both the “standard” and “unknown” solutions provided that the solutions were 
perfectly free from moisture. 
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In the foUoiPiing August he again took excessive carbohydrate, but no undue amount of fat, 
and was re-admitted to hospital in coma with severe ketosis and a fasting blood sugar of 0-562% . 
There was lipaemia again, the plasma fat being 912% and the cholesterol M% (Table II). For 
the first 4 days he was treated with insulin and glucose, and as soon as he began to take food he was 
given the same experimental diet as had been used before. This was continued throughout the 
period of the analyses given in Table II, except for an mi-erval between August 7th and 10th when 
some bacon fat was given instead of butter. 


Table II. li, W. Second scries of obse nations. 


Conditions 

No food. 
Insulin and 
glucose 

5^ hours after breakfast and insulin 

Date 

30. vii. 34 

3. viii. 34 

7. viii. 34 

13. viii. 34 

17. viii. 34 

Total fat, % of plasma 

9- 12 

408 

4-27 

2-86 

2-45 

“Lecithin,” % of plasma 

0-57 

— 

— 

— 


Free cholesterol, % of plasma 

0-52 

— 

— 

— 

— 

Total cholesterol, Vb of plasma 

MO 

0-64 

0-64 

0-52 

0-41 

Composition of plasma fat : 

Free fatty acids 

Absent 

Absent 

Absent 

Absent 

Absent 

Total fatty acids, ‘W of plasma fat 
“ Lecithin,” % of plasma fat 

75-7 

00-9 

62-0 

65-2 

— 

6-21 

— 

— 

— 

— 

Free cholesterol, “o of plasma fat- 

5-64 

— 

— 

— 

— 

Total cholesterol, of plasma fat 

12*1 

15-7 

14-9 

18-1 

16-8 

Uusaponifiable matter, of plasma 

19-8 

27-9 

22-9 

24-8 

22-6 

fat 

Saponification value 

198 

— 



— 

Separated fatty acids : i.v. 

86-8 

52-8 

467 

92*2 

62- 1 

i.v. of fatty acids in diet (approx.) 

y 

44 

44 

44 

44 


Again, the condition Mas controlled by treatment and the lipaemia diminislied. The patient was 
discharged on a balanced reginu' of ibet and insulin. 

In March 1935 another breach of diet Mas folloM^ed by coma. A blood sample taken during 
recovery under treatment M'ith glucose and insulin showed only faintly turbid plasma and the 
cholesterol was 0-349 % . 

Case 2.^ K. XT., male, aged 9 j^ears, was admitted to the Koyal Victoria Infirmary in Juno 
1934. He had been treated for diabetes mellitus for 4 years. On admission he had extensive 
cutaneous xanthomatosis. There M as glycosuria and ketoiiuria. The blood sugar 5]| hours after the 
morning dose of insulin Mas 0-198*’/^, and there was intense lipaemia. The plasma fat was 9-59% 
and the cholesterol 1*44% (Table III). 


Table III. K. U, 


Conditions 

... 5.J hours after break- 

3^ hours after break- 


fast and insulin 

fast and insulin 

A 

Date 

... 20. vi. 34 

26. vi. 34 

30. VI. 34 

16. vii. 34 

Total fat, % of plasma 

9-59 

3-43 

3-05 

1-57 

“Lecithin,” of plasma 

0-74 

— 

— 

0*46 

Total cholesterol, % of plasma 

1-44 

1-06 

0-92 

Total cholesterol, % of corpuscles 

0-23 

— 

— 

— 

imposition of plasma fat ; 

Free fatty acids 

Absent 

Absent 

Absent 

Absent 

Total fatty acids, % of blood fat 
“Lecithin.” % of blood fat 

730 

54-6 

530 

51-3 

7-7 

— 

— 

29-1 

Total cholesterol, % of blood fat 

14-3 

29-2 

29-2 

Unsaponifiable matter, % of blood fat 

19-7 

370 

43-6 

40- 1 

Saponification value 

196 

— 

— 

— 

Separated fatty acids : i.v. 

54-5 

65-6 

67-1 

74-2 

I.v. of fatty acids in diet (approx.) 

? 

43 

43 

43 


^ A clinical account of this case has already been published [Bolam and Herbert, 1934]. 
Btochem. 1935 xxix 120 
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On the day after these figures were obtained, the patient was put on a special diet containing 
102 g. carbohydrate, 66 g. protein and 112 g. fat. Of the fat, 87*5 g. were given as butter, 16*6 g. 
were derived from eggs, 6*2 g. from milk and the remainder from vegetable souroes. The fatty 
acids separated from a sample of the butter had i.v. 38*7 and the mean i.v, of the fatty acids of the 
food was calculated as 43. This diet was maintained throughout the whole period of study. 

Under treatment the hyperglycaemia was controlled, the ketosis disappeared, the lipaemia 
diminished, and the cutaneous deposits of cholesterol were completely I’o-absorbed. The patient 
remained well, under treatment, for some months, but later died of scarlet fev’er. 

Discussion of results. 

It has been pointed out by Bloor [1921] that in diabetic lipaemia the increase 
in fats and lipoids occurs almost entirely in the plasma. This is illustrated in the 
present work by the data for the distribution of cholesterol between plasma and 
corpuscles (Tables I and HI). 

The fat in the plasma exists in an extremely fine emulsion, and shows no 
tendency to separate out on standing. Microscopic examination shows that the 
particles of fat are comparable in size with bacteria. 

The high figures for fat and cholesterol here recorded — uj) to 22 % for fat, 
and up to 1*41 % for cholesterol in the plasma — arc very unusual, but even higher 
figures have occasionally been reported. Among the highest in the literature are 
the following: for total fat, 23*7% of whole blood [Fischer, 1903], 19‘7% of 
whole blood [Neisser and Derlin, 1904], 27 % [Frugoni and Marchetti, 1908] ; and 
for cholesterol, 1-5% of serum [Imrie, 1915], 2*14% [Ringer, 1917], 2*6% and 
3*6% [Adler, 1909], 

At the height of the lipaemia, the most strilcing feature is the enormous 
increase in total fat, with relativcdy less increase in cholesterol and phospholipin, 
and the abnormally high proportion of fatty acids. The figures suggest the 
presence of a large amount of triglyceride, and this is confirmed by a considera- 
tion of the percentage composition of the fat in the only instance where the 
analysis is sufficiently complete to permit of such a calculation — namely, case 
R. W. July 30th (Table JI). It is convenient to take the molecular weight of the 
fatty acids as 276, the figure obtained for the blood of the same patient on an 
earlier occasion, but the calculation is not materially affected by the choice of 
this figure rather than the molecular weight of any of the higher fatty acids 
ordinarily occurring in the body. 

Of 100 g. total ether-soluble material, the following constituents were 
determined: phospholipin 6*33 g., free cholesterol, 5*64 g., cholesteryl ester, 
10*76 g. (corresponding to 6*45 g. cholesterol in combination with fatty acid of 
mean molecular weight 276) and non-sterol unsaponifiable matter, 7*70 g. The 
sum of these constituents is 30*4 g. The ‘‘residual fat’’, which may be glyceride, 
amounts to 69*6 g. 

As regards the fatty acids, the amount present in 100 g. fat is 75*7 g., and of 
this 4*42 g. are accounted for by lecithin and 4*65 g. by cholesteryl ester. The 
remainder of the fatty acids, which may be in combination with glycerol, amounts 
to 66*6 g. 

This shows that 69*6g. “residual fat” yield 66*6g. fatty acid; that is to say, 
the residual fat is a substance yielding 95*7 % of its weight of fatty acid. This 
corresponds closely to the figure expected on the assumption that the residual 
fat is triglyceride, the theoretical value for which would be 96*7 % . 

At the height of the lipaemia therefore the greatest increase is in the neutral 
fat. As a result of treatment, the total fat and cholesterol fall, but the fall of 
cholesterol is relatively less rapid than that of total fat, so that the cholesterol 
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forms an increasing proportion of the total fat. At the same time the fatty acid 
forms a decreasing proportion of the total fat. The results show that neutral fat 
diminishes more rapidly than cholesterol. Similar results have been reported by 
Bloor [1921J. 

In the present analyses, the cholesterol constitutes only 56-79 % of the total 
unsaponifiable matter. It is possible that some of the non-sterol unsaponifiable 
matter may be an artefact, derived from corks used during saponification and 
distillation. No tap-grease was used at any stage. Saponification of the chole- 
steryl esters was proved to be (‘omplete, for the whole of the cholesterol in the 
unsaponifiable matter could be precipitat'd by digitonin. It is of interest that 
the sum of fatty acids and unsaponifiable matter constituted from 85 to 95 % of 
the total fat. The amount lost during saponification was approximately what 
would l>e expected to disappear (glycerol, choline and phosphoric a(;id). How- 
ever, it is possible that the real loss was rather greater but was partly balanced by 
the introduction of extraneous material. Imrie [1915] has described a case of 
diabetic lipacmia in which the fat amoimtcd to 14-06 % of the serum, and the 
cholesterol to 1*5 %; he found that the cholesterol aeeounb'd for 98% of the 
unsaponifiabhj matter. 

As regards the l.v. of the fatty acids, it is imxjossible to generalise, and the 
three series of data must be considered separately. 

In the first series of data on R. W. (Table 1), the J.v. at the height of the 
lipaemia was 68-5. This figure was obtained about 4 hours after a meal (containing 
fat, but since at that time the total fat in circulation must have' been about 
560 g., the fat derived from the recent meal must have been a very small pro- 
portion of the whole. No food had been taken on 21 . iii. 34 and the fats taken on 
the next two days were the fats of a mixed diet. The i.v. 08*5 is distinctly higher 
than one would (‘xpect from a mixture of the food fats, and it seems })robable 
that the fat came from the patient’s omi tissues, probably from fat depots in 
adipose tissue, or partly from those depots and partly from the more unsaturated 
tissue fats. The results during the period of the experimental diet, when recovery 
was well-advanced, show that the i.v. of the plasma fatty acids rose during 
recovery, although the patient had for some days taken a diet in which the more 
saturated fats predominated, and although the blood was taken during fat 
absorption. The balance experiments made at this time showed that at least 
96 % of the fat in the food was absorbed. 

When R. W. was admitted for the second time (Table II) the first blood 
sample was taken during recovery from coma under treatment with glucose and 
insulin. The i.v. of the separated fatty acids was 86*8. The total fat in circula- 
tion would then be about 270 g. The patient had not taken any gross amount of 
fat before admission, and the i.v. is higher than that of mixed food fats. The 
fat must have come from the patient’s tissues, and as the i.v. is higher than that 
of storage fat, some at least was probably derived from the more unsaturated 
tissue fats. 

The sample of 3. viii. 34 was obtained 5| hours after the first meal taken 
after recovery from coma. The fat from the recent meal may have affected the 
figure somewhat, but in view of the total fat in circulation it could not have pre- 
dominated. There must have been other relativel}’' saturated fats beside those of 
the food. In the later samples as recovery advanced, the mean i.v. of the fatty 
acids in the plasma became definitely higher than the mean i.v. of the fatty acids 
in the food. 

In the series of data for K. U. (Table III) the results are very regular. There 
was a relatively low i.v. at the height of the lipaemia (54*5) and the i.v. steadily 
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rose during recovery, although the mean i.v. of the fatty acids of the food was 
low. 

Upon the whole, it seems that at the height of the lipaemia much of the fat 
is derived from the patient’s own tissues. It is probable also that absorbed fat 
would remain in circulation longer than normally and contribute to some extent 
to the lipaemia. In the later stages of recovery the plasma contains a con- 
siderable amount of fatty acids more unsaturated than those of the food. 

Other figures wliich have been obtained for the i.v. of the separated fatty 
acids in intense diabetic lipaemia are 73 [Imrie, 1915] and 60‘(3 [Fischer, 1903]. 

For normal human blood, there are few data for the degree of saturation of 
the fatty acids of plasma, and those that exist have been obtained by micro- 
methods of rather doubtful value. According to Boyd [1933] the i.v. of the fatty 
acids of plasma, in the fasting state, ranges from 04*5 to 102. For the fatty acids 
of whole blood, McClure and Huntsinger [1928] found a range from 27 to 81, and 
Page et at. [1930] a range from 98 to 132. Figures for animal blood are more 
reliable owing to the use of large-scale methods. It may be calculated from the 
data of Bloor [1923] that the i.v. of the fatty acids of the plasma of the pig is on 
the average 93*8, and of the yjlasma of the ox, 109. Most of the figures show that 
normal blood contains fatty acids of a mean i.v. intermediate betwccm the fatty 
acids of adipose tissue and thos(i of true tissue fats. 

Himwich and Spiers [1931] have rex)ortcd that in depanereatiscHi dogs the 
development of diabetic lipaemia is associated with a fall in the i.v. of the total 
blood fat. 

In any attempt to interpret changes in i.v. during the development or the 
subsidence of lipaemia, it must be remembered that any change in the propor- 
tions of neutral fat and phospholipin is likely to affect the i.v. Boyd [1933] has 
shown that in normal blood the more unsaturated fatty acids occur especially in 
the phospholipin fraction. At the height of diabetic lipaemia th(‘ proportion of 
neutral fat is high, and as the lipaemia subsides the neutral fat diminishes more 
rapidly than the phospholipin [Bloor, 1921 J. An increase in the proportion of 
phospholipin would involve an increased proportion of unsaturated fatty acids. 
This may in part explain the results of Himwich and Spiers aiul some of the 
results of the present paper. On the other hand, the present work affords one 
example of the mobilisation of neutral fat of relatively high i.v. In the blood of 
R. W. taken on July 30th, the neutral fat constituted f)9*b % of the total, yet the 
mean i.v. of the fatty acids was 86*8. 

The cause of the lipaemia is obscure. It would be natural to suppose that the 
fat accumulates in the blood because it cannot be adequately oxidised. If this is 
the whole explanation, it is difficult to understand why so many patients have 
ketosis without any appreciable hpaemia. The patient R. W. had three severe 
bouts of ketosis, and had marked hpaemia on two occasions, but no appreciable 
hpaemia on the third. It seems probable that some other disorder of fat meta- 
bolism may exist besides the failure in oxidation which leads to ketosis, 

SUMMABY. 

Observations have been made on the blood fats in two cases of intense diabetic 
lipaemia. 

At the height of the lipaemia the neutral fat, cholesterol and phospholipin are 
all greatly increased, but the greatest increase is in the neutral fat. 

As the lipaemia subsides under treatment, the neutral fat diminishes much 
more rapidly tlian the cholesterol. 
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A consideration of the i.v. of the separated fatty acids at the height of the 
lipaemia suggests that the fat is derived from the tissues. 

Comparisons l)etween the fats of the food and those of the plasma have been 
made during the subsidence of the lipaemia under treatment. The mean i.v. of 
the fatty acids of plasma is always higher than that of the fatty acids in the food, 
and on the whole the i.v. of the fatty acids of plasma tends to rise as the lipaemia 
subsides. 

I wish to express my thanks to Prof. Beattie and to Dr Mason Bolam for 
giving me the opportunity to make these observations on patients under their 
care, and to Dr Elsie Wright for her helpful co-operation in the study of one of 
the cases. 
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CCXXII. FAT METABOLISM IN FISHES. 

VII. THE DEPOT FATS OF CERTAIN FISH 
FED ON KNOWN DIETS. 
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and> Industrial Research. 

{Received June 22nd, 1935.) 

In a reccmt paper [Lovern, 1935] the writer has shown that the food fats of most 
fish are of a similar type to the depot fats of the fish themselves, and that a simple 
deposition of ingested fat, largely unchanged in composition, would account for 
the observed compositions of most fish depot fats. Another interpretation (not 
necessarily exclusive of the first one) will however fit the observed facts equafiy 
well. It may be that the whole life of the sea (both animal and vegetable) 
elaborates the same type of fat, which is thus typically marine, and that fresh- 
water life also elaborates its own special typo of fat. There is abundant evidence 
moreover that certain fishes and other aquatic animals can modify their food fat 
very considerably to obtain a depot fat of a highly specialised character. Ex- 
amples of such are certain elasmobranch fish and the toothed whales. The fact 
that certain other elasmobranch fish (e.g. the skate and thresher shark) and other 
varieties of whales exhibit no serious difference of type between their depot fats 
and their food fats may be due only to their own requinmients being of the 
general marine type and not to any inability to modify ingested fat if and when 
necessary. 

It would obviously help in deciding between these two interpretations if 
information could be obtained as to the type of fat laid down by fish, (a) on a 
diet containing fat of a non-aquatic tyjie oidy and (b) on a fat-free diet. In 
case (6), any fat laid down would presumably have been synthesised from 
carbohydrate. 

With the kind assistance of Mr W. Birtwistle, Director of Fisheries for the 
Federated Malay States and Straits Settlements, an attempt has been made to 
investigate these problems. At Singapore a species of carp, Ctenopharyngodon 
idellus, is reared in shallow ponds dug in clay, and is fed only on grass. Two 
varieties of grass are used, elephant grass Penniseturn purptirascens {P. setosum), 
and Guinea grass, Panicum maximum. The only work on grass fats of which the 
writer is aware is that of Chibnall and Smith [1932, 1 , 2] and Pollard et al. [1931] 
on cocksfoot and perennial rye grasses. From this it was expected that the 
elephant and Guinea grass fats would not be of the aquatic type. 

In addition to these grass-feeding carp, the ponds contain two other carp, 
Hypophthalmicthys nobilis and H. moliirix. Those fish act as scavengers, eating 
the fat'ces of C. idellus. In addition they eat the mud from the bottom of the 
ponds. This mud consists of fine clay reinforced with the faeces of C. idellus and 
with the rotting remains of unconsumed gra;SS. These scavenging fish thus receive 
a diet almost free from fat (c/. p. 1896), but with presumably appreciable carbo- 
hydrate formed by bacterial action on rotten grass and in the faeces. 

In some of the ponds small quantities of peanut cake are suspended in wire 
baskets and this is eaten from time to time by H. nobilis and H. rmlitrix. None 

( 1894 ) 
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has ever been found in the stomach of C. idellm. The samples of H. nobilis and 
H. molitrix examined however had been reared in ponds in which no peanut cake 
had been suspended. 

Experimental. 

The grass-eating fish O. idellus, in addition to depositing fat in the body 
muscles, has a considerable quantity of fatty tissue around the intestines. The 
mud-eating fish has no appriiciable quantity of this mesenteric fat. 

Samples were sent from Singapore to Aberdeen in various ways. One con- 
signment of C, iddlus was sent in cold storage, and the body fat and mesenteric 
fat extracted at Aberdeen (1). A further supply of C. iddlus flesh was minced at 
Singapore, desiccated with anhydrous sodium sulphate and sent over in tins, 
being extracted at Aberdeen. The mesenteric fat from these fish was rendered by 
simple heating at Singapore, and sent over in a small bottle (2) . Later on a further 
batch of flesh and rendered mesenteric fat was rccjeiv^ed from C. iddlus raised in 
ponds in which peanut cake had never been placed (3). The intestines of the 
frozen fish were crammed with grass, and it seems fairly certain that in any case 
this fish consumes no peanut cake. 

Supplies of H, nobilis and H. molitrix flesh were obtained (packed with an- 
hydrous sodium sulphate) from ponds in which no peanut cake had been placed. 

Quantities of elephant grass, Guinea grass and the bottom mud of the ponds 
were also sent over after air-drying and were ether-extracted at Aberdeen. The 
extra(‘ted mesenteric fat from the frozen fish, after storage under nitrogen at 
— 28® for a few months at Aberdeen, had become largely ether-insoluble. The 
ether-soluble portion contained dibasic acids and it was evident that considerable 
oxidative breakdown had occurred. The writer has never previously encountered 
such a ease, and presumably during transit from Singapore considerable quantities 
of peroxide must have been accumulated in the fat. This peroxide must then 
have decomposed when the extracted fat was stored under nitrogen at Aberdeen , 
The composition of the remaining ether-solubk^ portion of the fat is not included 
below, but it indicated that this mesenteric fat (1) was closely similar in composi- 
tion to the body fat from the same fish (1). Mesenteric fats (2) and (3) were mixed 
to give an adequate sample for a full-scale analysis. 

In several instanc(‘8 onl}" sufficient fat was available for analysis by semi- 
micro-methods, and in these cases the results are only expressed to the nearest 
unit. 

The particulars of the fish fats are given in Table I and the fatty a(*id composi- 
tions, as weight percentages, in Table II. 

The two grasses proved to contain very little fat. The elephant grass (air- 
dried, as received) yielded 1*2 % of ether-soluble matter and the Guinea grass 
0*05 % . In each case this was largtdy non -fatty in nature. In addition to chloro- 
phyll the elephant grass extract contained 40 % of unsaponifiable mattt^r and 
the Guinea grass extract 61*5%. The saponifiable matter was a mixture of 
glycerides, phosphatidea and waxes, which were not separated, as the combined 
acids were required even for analyses by semi-micro-mothods. In any case, it 


Species 

O, idelhis 
C. ideUtLs 
C* iddlus 
H, molitrix 
H. -nobilis 


Table I. Particulars of fats. 


Sample 

Body fat (1) 

Body fat (3) 

Mesenteric fat (2) and (3) 
Body fat 
Body fat 


i.v. 

149*7 

118*8 

i:k)0 

121*2 

129*3 


% un- 

Sap. cquiy. saponifiable 

283*4 2*0 

288*9 4*4 

287*0 0*7 

286*4 2*4 

— 9*5 
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Table II. Compositions of faity acids of carp fats (wt. 

Saturated llnsatu rated 




Species 

Depot 

C„ 

c „ 

cl . 



^'80 

C„ 

C. ideUus 

Body (1) 

1*5 

13*6 

2*5 

1*5 

6*7 64*0 

(-20H) (-4-3H) ( 

10*2 

-6*4H) 


C. idellus 

Body (3) 

2-6 

18-0 

1*9 

0*7 

22*9 45*7 

(--2-lH) (-3-0H) ( 

8*2 

-6*5H) 

— 

C, iddlus 

Mesentery 
(2) and (3) 

1-9 

14*7 

25 

0*2 

80 64-6 

(-2-0H) (-3-7H) ( 

7*6 

-60H) 

0*5 

ff. moUtrix 

Body 

0-8 

21*3 

M 

0*6 

17*1 49*5 

(-2-0H) (~3*0H) ( 

9*6 

-6-7U) 

Trace ? 

H, nohilis* 

Body 

— 

17-0 

6*0 

— 

9*5 540 

(-2*0 IT) (-3*6H) ( 

13*5 

-6*8H) 

— 


* Somi-raicro-analyais. 


Table III. Compositions of fatty acids frorn grass fats (wt. ^o). 





Saturated 



Unsaturated 


(Trass 

Ci„ 

Cu 

C,. 

^'16 

Dis (^ “18 

C» 


G'lS 

> 18 

Penn, purpurascens* 

Trace 

2 

1 

9 

3 14 

i> 

12 

(- 20 TI) ( 

or. 

-4*0H) 

32 

(-2H) 

Pan. maximum* 

— 

7 

1 

11 

7 10 

2 

15 

(-2-5H) ( 

27 

-4111) 

20 

(~2H) 


* Traces of laurolcic and arachidic acids present. 

was knowledge of the total dietary fatty acidn that was needed . The eoni}) 08 itions 
of the mixed fatty acids are given in Table 111 as wtdght pc^reentages. 

The C>i8 acids were presumably derived from the wax fractions. Both 
saturated and unsaturated acids containt'd at least 2G carbon atoms but were 
undoubtedly mixtures which were not furthtu* dealt with. The dried mud con- 
tained ()*17 % of ether-soluble material. The major portion of this was insoluble 
in light petroleum and th(jrefore could not be true fat. The petroleum -soluble 
material had i.v. 57-5, and contained 57 % of unsaponitiable matter. The acids 
recovered after saponification W(Te again largely insoluble in light petroleum and 
the final yield of true fatty acids was 0*007 % of the w(‘ight of mud. These fatty 
acids were of relatively high melting point, had ].v. only 50-0 and gave no ether- 
insoluble bromides. They appeared to contain some of the wax acids, which would 
be expected in the faeces of C. ideJlns, and obviously crontained no polyunsaturated 
C 20 acids. 

Discussion. 

It had been anticipated that the grass fats would be of simpler composition 
than is actually the case, and that apart from wax acids the fatty acids would be 
almost entirely palmitic and unsaturated acids. Tlic occurrence of palmitoleic 
acid (and myristoleic acid) in these grasses is interesting, as they have only been 
found so far as jilants are concerned in algae and otlier aquatic plants [Lovern, 
unpublished observations]. 

It must be remembered however (as mentioned by Tsujimoto [1925]) that 
most of the detailed work on plant fats has been limited to seed and fruit fats, 
whereas the work on aquatic plants (and these grasses) has involved the leaves 
and stalks of the higher plants and the whole thallus of the algae. 

In view of the occurrence of these “aquatic’’ acids in the grasses, it is not 
certain that (7. idellus is able to synthesise these acids from carbohydrate sources. 
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This fish also contained C 20 polyethylenic acids, but the grass fats may well have 
contained small quantities of such acids, which were inseparable (with the small 
quantities of material available) from the unsaturated wax acids. It should be 
noted however that the proportion of available fatty acids in the grass diet is 
very low. Leaving out of account the unsaponifiablo matter and the wax acids 
(which would not be assimilated), the elephant grass contains only 0*34% and 
the Guinea grass 0*17 % of available fatty acids on the dry material. C. idelhis 
contained a considerable proportion of fat to total body weight (3*7 % in muscles 
(wet weight) in addition to th(' mesenteric, fat). Whilst a slow ac^iiumulation of 
ingested fatty acids (together with a readjustment of the relative proportions of 
these) could account for the observed (5omi)osiiions of the fish fats, the available 
evidence, in the writer's opinion, is rather in favour of a synthesis by the fish, 
from carbohydrate or other material, of fatty acids of the (i(?sired type. 

This view is strengthened when tlui results from the mud-eating fish are con- 
sidered. The mud itself furnished a diet to all intents and purposes fat-free, and 
even the 0*0()7 % of fatty acids which it did contain was free from polyethylenic 
C 20 acids, whilst the fish eating this mud contained appreciable amounts of these 
acids in their fat. The only other source of ingeshni fat would be the fae(H\s of 
C. idelliis consumed directly. Th(‘ mud would contain an appreciable quantity of 
these however and if the fiw‘cal fat had been considerable in quantity and of the 
"‘aquatic’’ type it should have been detiu^ted in the mud fat. Further, if 
C. idellus excretes any appn^ciable proportion of “aquatic” fatty acids in the 
faecHJS, this would render it almost (;ertain that the fish synthesised its own depot 
fats, in view of the almost fat-free nature of the grass diet. 

SUMMAKY. 

The depot fats from three species of tropical carp have been analysed. The 
first KSpecies was raised on a diet consisting only of grass, whilst the other two 
species lived on mud in which the organic matter consisted of the faeces of the 
first species together with rotting grass leavings. 

Two species of grass W(Te used, and both contained only small quantities of 
fat. This fat was found to be of an unexpectedly comj)lete type and contained 
acids formerly encountered only in aquatic plants. The mud turnished a fat-free 
diet. 

Whilst the complex nature of the grass fats makes the interpretation of the 
results less certain, the evidence taken as a whole indicates that these fish are able 
to synthesise fat of the desired type from carbohydrate or other sources. 
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L DIPEPTIDASE AND PROTEASE. 

The enzymes of wheat, especially amylases, have been the subjects of studies 
for many years, but, since most of the work has been done on flour or ground 
whole seeds, very little knowledge of the distribution in the seed has been 
obtained. Such knowledge is of great interest especially in relation to ger- 
mination, because our information on the in vivo functioning and interrelations 
of intracellular enzymes, in general, is extremely meagre. The enzymic micro- 
methods originated by Linderstrom-Lang and Holter [1934] conveniently permit, 
for the first time, a study of the distribution and activity of enzymes in relation 
to structure. 

The present paper reports the distribution of dipeptidase (tested on alanyl- 
glycine) and protease (tested on edestin) in five easily-dissected parts of the 
wheat seed, both dormant and germinating. These parts are (1) the hull, including 
epidermal, parenchymatous and aleurone cells; (2) the endosperm, which stores 
starch and protein; (3) the scutellum, a yellow sheath of cells between the 
embryo and the rest of the seed; and the embryo, cut in a rather arbitrary 
manner into (4) cotyledon and (5) radicles. The importance of the scutellum as 
a site of enzyme formation and activity at the time of germination is, for the 
first time, emphasised with proteolytic enzymes. 

The chief work on enzymes in germinating wheat has been done in Russia 
[see especially Bach et al,, 1927]. An increase in the content of amylase, catalase, 
peroxydase and protease on germination has been found. It is unfortunate that 
such an extensive investigation should have been done without regard to 
optimum and on dried, ground, extracted seeds. The great irregularities 
observed are probably related to the fact that drying has a varying effect on the 
enzymes. The physiological factors involved in the germination of grasses have 
been systematically reviewed by Lehmann and Aichele [1931]. It should also 
be noted that many years ago the scutellum was suggested as an important 
functional part of grass seeds . Experimental evidence , however , has been lacking, 
except in some old, partly discredited, investigations on carbohydrases. 


^ Overseas Scholar (Canada) of the Eoyal Commission for the Exhibition of 1851. 

( 1898 ) 
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Experimental. 

Preparation of the enzymes. The wheat uaed was Manitoba hard red spring 
wheat kindly supplied by Saltsjbqvarn, Stockholm. The dormant seeds were dried 
in vacuo over H2SO4 for 24 hours. Tn germinated seeds the c‘nzymic activity 
was determined directly on fresh tissue, but simultaneous moisture determina- 
tions were made, drying in the above manner. All results have been expressed in 
activity per mg. dry weight. Dissected tissue v as kept moist in small test-tubes, 
containing moist cotton in the caps. Weighing on the micro -balance was done 
in a small, covered container, and the wtnghed tissue was put into a test-tube 
containing about 8/xl. of 60% glyex'rol. 

Dissection was carried out under a tripod lens. The epicarp over the (^mbryo 
was removed, and then insertion and gentle prying with a blunt scalpel under 
the embryo caused it to come out quite cleanly. The embryo was at once cut in 
two along an arbitrary line which may be considered as the boundary between 
th(^ cotyledon and the part containing the thr(*e radick^s. A whole piece after 
weighing was used for each test. The embryo of moni than 36 hours’ germination 
was too largo to use in such a manner. Since the work of Linderstrom-Lang and 
Holter [1932] on barley rootlets had indicated a localisation of tlie peptidase 
activity, it was considered inadvisable to try cutting up either the cotyledon 
or the radicles; therefore, no determination was made when they became too 
large to use in the above manner. Pieces of hull were* cut off and cleaned from 
attendant, whitish, starch cells. A lateral section was made and pieces of 
endosperm prepan^d. To obtain the scutellum it was found most convenient to 
cut the seed along the same axis as the groove, after removing th(^ embryo. The 
yellowish layer was then easily seen in each half and was removed free of hull 
and endosperm. 

Enzymic activity was determined exactly as described by Linderstrom-Lang 
and Holter, using a burette of the type in which the meremry directly touches the 
solution. The procedure involves the direct titration of amino-groups by acid, 
in the presence of acetone, using naphtliyl red as an indicator ; the principle was 
explained by Linderstrom-Lang [1028]. 


Results. 

The effect of drying the germinated seeds before or after dissection was to 
increase the apparent enzymic activity, as shown in Table I. The activity deter- 
mined on fresh tissue, but expressed on the basis of dry weight, was consistently 


Table I. Dipeptidase activity in different parts of germinated tvheat seeds, deter- 
mined on fresh and on dried material, showing maximum and minimum 
means obtained in different series, and thus errors resulting from drying. 


Hull 

Endosperm 


Dried tissue 


/4I. Nj20 HCl per mg. 
Fresh tissue 


12 hours 
5-4 ±0*7 
3-2dblO 


24 hours 
5-4 ±0-2 
3-6 iO 3 


r 

12 hours 

420 21 1 
0*3 2-6 


24 hours 

24-9 11-5 
7‘0 0-7 


smaller. Furthermore, the variation on drying was ^eat. While it is possible 
to get the proper results by this procedure, the variations between the means ot 
different series were largo. Owing to these results it was decided to work with 
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fresh tissue. It seems possible that the effect of drying is to liberate the enzymes 
from zymogens which are supposed to exist in the cell, and that this Uboration 
is irregular owing to somewhat varying internal conditions. 

Jiff-activity curves. In common with most dipeptidases the optimum pjj of 
that in wheat was found to be about 7‘5. About the same curve was obtained 
for each part of the wheat. The protease, similarly to many plant proteases, has 
an optimum about pjj 6*0, which is also the approximate isoelectric point of the 
substrate used, edestin. Table II shows the values found. 

Table II. Showing the activity of wheat dipeftidase and 
protease in relation to pjj . 

Activity is expressed as fi\. of N/2() HCI. 

7>a 4-0 4-5 60 65 60 6-6 70 7-5 80 85 0-0 

Protease 1*8 4-2 9-4 11*9 12-9 6*5 2() 0-5 0 0 0 0 0 

Diijeptidase 0 0 0 0 0 1-5 4 0 9*5 24 0 26*0 24 0 160 5-0 

Time of extraction with glycerol. Whilst the best time varies a little with 

different parts of the seed and (ispecially betwenm dried and fresh tissues a 
standard time of 2 hours was adopted after various experiments. Table III 
shows typical results. 

Table III. Activity of dipejitidase in whole dormant wheat emhryOy after 
extracting in glycerol for different lengths of time. 

Activity in pi. A/20 UCl per mg. 

Time of extraction (min.) 20 40 60 120 240 

Activity 6-0 8-0 90 11*0 11-3 

Time of digestion with substrate. The time of 2 hours, at 40 as used by 
Linderstrom-Lang, was adopted. The dig(?stion-time is always somewhat 
arbitrary, depending partly on considerations of initial velocity or equilibrium, 
and partly on the amount of hydrolysis recpiired to give sufficient acicuracy in 
the determination. Table IV shows the type of results obtained with the two 
enzymes. 

Table IV . The relation between the amount of hydrolysis of alanylglycine 
and of edestin by whent embryos and the digestion time. 


Time in hours 

0*5 

pi. A/20 HCI per mg. 

1 2 

3 

4 

7 

Bipeptidase 

4*0 

7*0 

9*8 

IM 

11*2 

11*8 

Protease 

2*9 

5*0 

8-0 

110 

11*0 

11*6 


The relation between enzyme concentration and activity, as shown for both 
enzymes by using fmely-cut pieces of dry cotyledon and varying the weight 
from 9*04 to 1*00 mg. was found to be linear. This fact justifies the conditions 
prevailing in this work, in which slightly different weights of tissue were used 
in each tube, and the titrations were corrected to a certain dry weight of tissue 
(1 mg.) for comparison. 

Accuracy of the results. When the working conditions for the enzymes had 
been established the study of the relative activity in different parts of the seed 
was begun. Experiments with the five parts for any time of germination were 
made simultaneously, each being done in 6 to 8 tubes, and the whole series was 
repeated. The resulting averages are shown in Table V, Figs. 1 and 2. The 
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probable errors of the moans are given in the Table, because these arc rather 
higher than expected. The errors involved depend not only on the mc^thod of 
determining activity, but more especially on variations from one seed to another. 

It should be noted that in every case of determining the activity in hull and 
endosperm at least one-third of the tubes showed no enzymic activity at all. 

Table V. Enzymic acclivity in different parts of the wheat 
seed during geryninaiion. 

Activity is expressed as /xl. iY/20 HCl per 1 mg. dry weight; the probable errors of the means 


are given. 

Part of 

Dormant 

Condition of b( 

icd 

Germinating 



seed 


12 hours 

24 hours 

36 hours 

48 hours 

96 hours 

Hull 

7-4 ±0-7 

Dipoptidasc activity. 

5-4i0-7 2 8 6 ±1-0 

4-.5 i 0-6 


Endosperm 

2-64 1 2 

3-2_i:l-0 

3*6 ±0*3 

3*9 ±1-1 

2 6 ±0-1 

— 

S(*iitellum 

17- 1 -t 10 

39-0 ±0-9 

46-8 ±5-6 

69-3 ±2-4 

5.5-0 4 1-0 

6-3 ±0-5 

Cotyledon 

11-3 -J 2-0 

47-2 ±3-8 

37-3 ±2-6 

24-0 ±1-0 

17-8 ±0 6 

— 

Hat holes 

20-7 ±3-9 

32-2 l 4-3 

29-3 ±2-0 

26-5 ±1 5 

— 

— 

Hull 

12-9 b 1-0 

14-2 iO-7 

Protease activity. 

13-7±l-2 100±1*3 

14-7 bl-7 


Endo8pi^rm 

7-1 ±1-0 

4 9 ^ 0-6 

7*6±M 

3-6 ±0 8 

6-8 1-0-4 


Scut ell iim 

17-8 ±2-0 

45-1 4-2*6 

61*0 ±6-2 

52-1 ±3*2 

41-3 L4-2 

34-4 ±2-2 

Cotyledon 

irv8 t 1-3 

31*2 4:4*4 

25*6 ±1-0 

17-8 ±1*2 

— 

— 

Radicles 

11-8 4:0 7 

25*6 lI*4 

22-1 ±1-6 

12-4 ±0*8 





Hours germinated Hours germinated 

Fig. 1. Hipeptidase activity of different parts Fig. 2, Protease activity of different parts 
of wheat seeds during germination. of wheat seeds during germination. 

The determination of protease activity by titrating amino-groups can be 
seriously criticised. Proteolysis probably begins with disaggregation of the 
protein molecule, a process ultimately producing polypeptides, which are 
hydrolysed by polypeptidase, giving titratable amino-groups. It is often possible 
to demonstrate the disappearance of precipitablo protein before any change in 
titration has occurred. In the present work, however, some correlation was 
found, using a semi-quantitative turbidimetric procedure, involving the use of 
20% salioylsulphonic acid. Both procedures showed the same optimum pjj 
and the same relative activities for different times of germination. 
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Discussion. 

It can be observed from Table V and Figs. 1 and 2(1) that the hull and endo- 
sperm contain a relatively small amount of enzyme and that the amount does not 
change in a regular and significant manner on germination ; (2) that the amount 
of enzyme is gi’eatly increased, after 12 hours of germination, in the scutellum 
and embryo, the increase being somewhat greater in the cotyledon than in the 
radicles; (3) that after 12 hours the enzyme content in the embryo decreases 
fairly rapidly, but that in the scutellum it continues to increase for a time, later 
(after 36 hours) clearly decreasing but still maintaining a fairly high level. 
Slight differences exist between the curves for dipeptidase and protease. 

The sudden increase of enzymic activity in the first few hours of germination 
is a familiar phenomenon associated with the change of the embryo from a 
dormant to an active condition. 

It is well 1 mown that in germination the starch and protein of the endosperm 
ultimately appear in the embryo, usually as sugars and amino-acids, there to be 
used for building the new materials required by the developing plant. It has 
generally been suggested that the starch and protein are hydrolysed in the endo- 
sperm and then transported to the embryo^ and enzymes are commonly lieid to 
be responsible for these changes. While some theoretical discussions have taken 
place, e.g. as to whether the enzymes are in the hull and embryo and are secreted 
into the stored food, little real knowledge, so far as the wheat seed is concerned, 
has been obtained. It is usually considered that a liigh enzymic activity in a 
given tissue indicates a site of formation, either for secretion or for doing the 
enzymic work, or possibly both. These considerations have a bearing on the 
results of the present investigation. 

Smee both hull and endosj)erm sometimes showed no proteolytic activity, 
never showed much and showed no change on germination, it can be doubted if 
they are the active centres in the proteolytic changes of the wheat seed. Further- 
more there was no indication that the scutellum secretes enzymes into the 
endosperm, since no increase o(;curred. 

The decrease of activity in the embryo after 12 hours is rather surprising 
since requirements must l>e increasing, even admitting that the proteolytic 
enzymes may not be the most important. This decrease was roughly propor- 
tional to the increase in total weight of the embryo, but since the dry weight was 
nearly constant, it is perhaps only an accidental relationship. 

It would seem that the really significant observation is the large and con- 
tinued increase in activity of the enzymes of the scutellum. The importance of 
the scutellum has long been suggested by some old work on amylase [see Lehmann 
and Aichele, 1931J and can be inferred from the work on barley by Euler and 
Sjoman [1933], but its full place in relation to all parts of the seed is only now 
emphasised. It may be possible that the scutellum performs aU the functions 
required by the changes known to occur in the seed at this time. 


11. LIPASE. 

Extraordinarily little work has been done on wheat lipases. It is, of course, 
generally thought that considerations of fat and fat hydrolysis in cereals are of 
minor importance. This conception has probably arisen from the low content 
of fat and the weak esterase activity, in comparison with Ricinua, for example. 
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Such a criterion is, however, not justified. It is probable that the fat in wheat, 
small though it is, and the lipase, weak though it is, can play a part in developing 
acidity as well as bad odours in stored flours. The present study can be of 
interest in this connection since it indicates the distribution of lipolytic activity 
in various parts of the seed. 

From a physiological viewpoint the present study is of interest in demon- 
strating the changes of lipolytic activity on germination, though the significance 
of these changes is not obvious. 

Apparently the only real study of wheat lipases is that by Sullivan and 
Howe [1933], working with ground wheat. 

Expekimental. 

The wheat used, and the preparations made have been described in the 
preceding section. The method used was described by Glick [1934], employing 
methyl butyrate as substrate, glycine as buffer and involving an acid titration 
with the micro-apparatus of Linderstrom-Lang. The method had to be modified 
owing to the weakness of the enzyme and the consequent small differences in 
titration. The modification consisted only in the use of NjAO HCl instead of 
N/20 for titration and doubling the quantity of indicator used. Even then the 
procedure was not wholly satisfactory, giving much less reproducible results 
than were obtained in the proteolytici studies. 

An added difficulty was the rather high change in the titration value of 
the enzynu^ pre])aration on digt^stion without substrate*. The correction was 
usually as large as the hydrolysis of substrate. This change may or may not bo 
due to lipolytic hydrolysis of natural esters, since any change in the acidity of 
the tissue gives the same result, and there are various possibilities. The gi’eatest 
corrections were found with hull and scutellum. A further difficulty is involved 



Fig. 3. Lipase activity in different parts of wheat seeds during germination. 

in trying to determine a curve. The Glick method was of no value at a p^ 
lower than 7*5, partly because the initial titration is so low. In the present 
study therefore no optimum could be determined, a pj^ of 8-2 being arbitrarily 
chosen in order to have suitable titration values. This is almost certainly not 
the optimum. 

In spite of these difficulties some results were obtained which could be 
reproduced with fairly reassuring accuracy. These are presented in Fig. 3. 
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Discussion. 

(1) The very high esterase content of the scutelhim, possibly associated with 
the high fat content of this part, is very striking, as is the sudden drop in activity 
on germination. (2) By fai* the greater part of the lipolytic activity of the 
embryo is in the cotyledon, and this increases on 12 hours’ germination and then 
decreases sharply. (3) The endosperm contains a high amount of lipase, second 
only to, but much lower than, the scutellum, and this amount increases in the 
first 12 hours of germination, then gradually decreases. This is of interest in 
connection with the accidental use of sprouted wheat for flour-making. (4) The 
hull contains an appreciable amount of lipase, and no change occurs on ger- 
mination. 

SUMMAKY. 

] . A study has been made of the distribution of dipeptidase and protease in 
five parts of the dormant and germinating wheat seed, namely hull, endosperm, 
scutellum, cotyledon and radicula. Some? conditions for tht^ activity of the 
enzymes, relative to jpjj, extraction, digestion time eic, have been determined. 

2. The hull and endosj>erm sometimes showed no enzyme, and in any case 
only a very small amount which did not change significantly on germination. 

3. The enzymes in the scutellum and embryo greatly in encased in the first 
12 hours of germination, after which they decreased in the embryo but continued 
to increase, for a time, in the scutellum, 

4. The importance of the scutellum is thus emphasised, and the results are 
discussed in relation to popular conceptions concerning germination. 

5. A micro-study has been made of the distribution of lipasti activity in 
different parts of dormant and germinating wheat seeds. The results indicate 
high activity in the scutellum, decreasing on germination, whilst some parts show 
an increase in the first 12 hours and then a decrease. 

The author wishes to express his gratefulness to Prof. H. von Euler for 
providing facilities in the Institute and for his interest in the work. 
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One of the most int(*resting natural transformations in carbohydrate metabolism 
is that occurring in the active mammary gland during the synthesis of the 
galactose-containing disaccharide, lactose. Rohmann [1919] was abl(? to obtain 
some evidence of the synthesis of lactose by the action of an extract of the 
mammary gland upon added sucrose. This investigator, on what now seems 
inconclusive evidence, suggi^sted a stiTcokinase system, j)resent in the blood as 
well as the gland and capable of causing the interconversions: glucose fruc- 
tose “> galactose. More recently, Michlin and Lewitow [1934], using the minced 
mammary gland of lactating (?ows, have obtained an enzymic synthi^sis from 
added glucose and galactose of a disae(*haride, which is hydrolysed by emulsin 
and is presumably lactose. Bert [1884] and later Porchet [1909] claimed that in 
animals which had f)reviously had the mammary gland removed and sub- 
sequ(*ntly became pregnant, hypcTglycaemia developed and the sugar appearing 
in the urine was not lactose but glucose. Widmark and Carlens [1925] reported 
hypoglycaemia in lactating ('ows during milking, tht^ degre^e roughly corre- 
sponding to th(i amount of milk produced. Paton and Cathcart [1911] obtained 
evidence to indicate that the glucose of the blood is used in the mammary 
gland during the formation of lactose. Harding and Downs [1929] were unable 
to demonstrate a lowered blood sugar in freely lat^tating women while on a 
hospital diet. They expresst»d th(i view that the amount of* glucose circulating in 
the blood is controUc*d by the internal secretions rather than conditioned 
entirely by the lactose output of the active mammary gland. Nitzes(tu [1925] 
has been able to show that in fasting there is a drop in the lactose concimtration 
of the milk produced b}^ animals in full lactation. Upon the intravenous in- 
jection of glucose, galactose, fructose or maltose, the normal level of the milk 
lactose is restored. Injection of sucrose or lactose was without etfect — these 
sugars are not utilised since there is no effective common tration of sucrase or 
lactase in the blood — and the disaccharides administered are, for the most part, 
excreted into the urine, owing to the low renal tlireshold for these sugars. The 
results of Nitzescu are explicable equally well by the assumption of a direct 
synthesis of lactose from the sugars administered by the active mammary gland, 
or by the previous conversion of these sugars into glucose, by way of glycogen 
formation in the liver. 

Thus the available physiological evidence suggests that the freely lactating 
gland is apparently capable of withdrawing glucose from the blood and con- 
verting it into the milk sugar, lactose. The gland is automatically supplied with 
a surplus of blood sugar to meet the demands of milk formation, the stimulus 
emanating from some other source than the mammary glands themselves. 
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It is considered that the development of the mammary glands occurs under 
the influence of oestrin and progestin, and that the hypophyseal prolactin then 
causes the actual secretion [cf. Turner and Gardner, 1931; Turner and Frank, 
1932; Gardner and Turner, 1933; Riddle et aL, 1933; Allen 1935; Lyons 
et ah, 1933]. 

Nelson [1934] and Nelson and Smelser [1933] suggest that a sudden fall in the 
amount of the ovarian hormone may act as a stimulus to the hypophysis for 
prolac^tin secretion. Selye et ah [1934] claim that the act of suckling reflexly 
maintains an adequate prolactin secretion; if this is interrupted by hypophy- 
sectomy lactation ceases. Grauer and Robinson [1932] observed milk secretion 
in transplanted mammary tumours, which is evidence that the nervous me- 
chanism is not essential to milk ])roduction. 

In the present investigation lactose s>Tithesi8 has been demonstrated and 
quantitatively investigated with tissue sli(;es of the active mammary gland, 
maintained in vitro under conditions as nearly as possible physiological, using 
as substrates the hexoses, glucose, fructose, mannose and galactose. The 
mechanism seems to a large extent specifle, for under conditions of almost 
complete conversion of glucose into lactoses only a small amount of synthesis 
occurred from fructose, mannose or galactose. 

Expeiumental. 

Mammary glands of freely lactating guinea-pigs were removed at periods 
from 2 to 5 days after the birth of the young. The animals were kept with the 
young until the time of the experiment, since this ensures an active stimulus to 
milk formation, coupled with the minimum amount of residual milk in the 
gland. A single gland was us('d for ea(4i of the four series of experiments, in 
order to obtain as nearly as possible comparable results with the different sugars. 
The tissue slices (approximately 0*5 mm. thick) were washc^d once in a physio- 
logical salt solution (10 : 3 : 0 [Robison and Rosenheim, 1934]) kept at 37°, and 
saturated with a mixture of Og, 95%; COg, 5%. After quickly removing the 
excess solution by means of filter-paper, the slices were transferred to 25 ml. 
flasks, in some of which were 2 ml. of the above basal solution, saturated with 
the Og-COg mixture, whilst others contained in addition 0*4 % (approximately) 
of the particular sugar under investigation. The flasks, tightly stoppered, wore 
kept in a tliermostat at 37°, with constant shaking, for a period of 6 hours. 
The wet weight of the tissues was obtained by weighing the flasks before and 
after the addition of the tissue slices and again at the end of the experiment. 
The dry weight was calculated from the HgO determination (3 hours at 110°) 
carried out on aliquot slices of the gland in each of the four series. At the end of 
the experimcuit the supernatant fluid was transferred to a 20 ml. flask and the 
tissue slices were removed and ground with sand in a mortar and quantitatively 
transferred to the same flask; 1 ml. of 10% ZnS 04 , 7 H 20 solution was added, 
followed by 1 ml. of 0*5 NaOH, added slowly with shaking. The contents of 
the flask were diluted to 20 ml. and filtered. The sugar estimations were carried 
out on these protein-free filtrates; in the fructusc and galactose experiments a 
1 in 2 dilution of these filtrates was used. 

Estimation of the hexoses and lactose. 

The fractionation of the reducing substances of the deprotoinised filtrates 
into “fermentable sugar” and galactose was carried out by the general method 
of Harding and Grant [1933]. In the present investigation the method has been 
extended to include the quantitative estimation of lactose. All sugar reductions 
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were carried out with the Harding and Downs [1933J modification of the Shaffer- 
Hartmann Cu reagent using the requisite factor for the sugar concerned, 

1» Fermentable sugar (glucose, fructose or mannose). 0*25 g. (wet weight) 
of washed baker’s yeast was added to 10 mi. of the mammary gland filtrate and 
incubated with stirring for 30 minutes at 37"^. Sugar estimations were carried 
out on 1 ml. portions of the clear centrifugate. This treatment removes glucose, 
fructose and mannose. The amount is estimated by difference in reducing power. 

2. Galactose, 0*25 g. (wet weight) of galac ” yeast was added to the residual 
centrifugate and incubated for 30 minutes at 37^^ as in 1 . The “galac ” yeast used 
was a strain of English mild ale top yeast which had been adapted to ferment 
galactose at 80-100 % the rate for glucose [Grant, 1935]. This treatment removes 
galactose, and the amount is determined by further decrease in reducing power. 
In the filtrates from the galactose experiments, 0*5 g. of the yeast was employed. 

3. Lactose. It has been found possible to remove lactose from its dilute 
solutions, in a similar manner, by the use of S.fragilis, a lactose-fermenting yeast. 
The yeast was grown on a 4 % fructose-4 % lactose mixture in a yeast extract, 
phosphate medium. 0*5 g. (wet weight) of the washed S. fragilis was added 
to the residual centrifugate after removal of the galactose and incubated as 
before at 37'' for 30 minutes. By this treatment 90-100% of added lactose 
is removed in concentrations up to 30-40 mg. per 100 ml. 


Table I. The synthesis of lactose from different hexoses by 
slices of active mammary gland in vitro. (6‘ hours at 37'^.) 




Amount 
of tissue 

Hexose 

Hexose 
remaining 
at end ol 

Lactose 

Lactose 
found as 
mg. per 

Sugar 

Time 

(dry wt.) 

added 

experiment 

found 

100 mg. 

added 

hours 

mg. 

mg. 

mg. 

mg. 

diy tissue 

Control 

0 

56 

— 

— 

1-54 

2-75 



106 

— 

— 

1*50 

1*41 


0 

32 

— 

— - 

0*23 

0*72 



93 

— 

— 

0-38 

0*41 

Glucose 


56 

705 

0*81 

2*91 

5*20 

ff 


40 

7-05 

0*80 

3-24 

810 


yy 

47 

7-05 

0*29 

3-31 

704 



51 

705 

0-43 

3*21 

6-29 

Control 

{) 

107 

— 

— 

0*03 

0*03 



56 

— 

— 

0 

0 



175 

— 

— 

007 

0-04 

Glucose 


65 

7 88 

2-31 

1-24 

1*90 

Mannose 


50 

8-37 

402 

0-40 

0*80 

Galactose 


67 

7-84 

5-46 

0-20 

0-30 

Fructose 

,, 

79 

8- 12 

7-61 

0-20 

0*25 

Control 

0 

117 



— 

1-49 

1*36 



97 

— 

— 

1*49 

1*53 


6 

90 

— 

— 

0*67 

0-74 



58 

— 

— 

0*53 

0*91 

Glucose 


92 

7*88 

007 

4*98 

5*41 

Mannose 


91 

8*37 

2*39 

1*49 

1*64 

Galactose 


65 

7*84 

6-00 

M4 

1*75 

Fructose 


48 

8*12 

6*54 

0*60 

1*25 

Control 

0 

126 

— 

— 

1*34 

1*63 


6 

83 

— 

— 

0*50 

0*62 



71 

— 

— 

0*67 

0-94 

Glucose 


84 

8-72 

1*28 

4*68 

5*57 



60 

8*72 

1*64 

4*31 

7*18 

Mannose 


81 

7*82 

4*09 

1*03 

1*27 

Galactose 


52 

7*94 

6-60 

0*28 

0*54 

Fructose 

f* 

87 

8*58 

6*85 

1*00 

115 

121—2 
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The different yeasts can be kept at 4°, in the form of their 25 % wet weight 
suspension for 3 to 4 weeks and still retain most of their removal activity, 
provided they are washed at intervals of a few days. Their removal power is 
tested before the yeasts are used. 

The results obtained in the present investigation are summarised in Table I. 
The amount of hexose added is given in each case, and also that present at the 
end of the experimental period. The lactose present in the tissues at the be- 
ginning of the experiment and at the conclusion is shown, and can be com- 
pared with the amount of this sugar obtained when the tissue slices were kept 
immersed in the solutions of the different hexoses, glucose, fructose, mannose 
and galactose. 

Discussion. 

The results obtained show clearly that the active mammary gland possesses 
the mechanism requin'd for the rapid synthesis of the galactose- containing 
disaccharide, lactose, from added glucose. There was but little evidence of such 
synthesis from the other hexoses investigated, fructose, mannose and galactose. 
Mamiose appears to be more readily utilised, for the abov(^ purpose, than either 
galactose or fructose, though the difference is slight. It may be that mannose, 
fructose, and galactose require first to be converted into gliKOse, perhaps by the 
path of gl^^cogen formation, before they can act as substrates for the s^mthesis 
of lactose. Lactose disappears from the mammary gland slic‘(‘s during the time 
of the experiment, and added lactose also undergoes a slow metabolism. For 
this reason the amount of lactose found does not reprt^sinit the total synthesis 
occurring. However, from the amount of the added hexose r(‘maining at the 
end of the experimental period, it is possible to obtain some idea of the amount 
which has been metabolised in excess of that finally present as lactose. This is 
considerable in the case of glucose but much less with the other three sugars. 
The small amount of fructose utilised by the active gland ];)reparations, either 
in metabolism or for the synthesis of lactose, is esj)ecially noteworthy. 

Svanb(*rg [1930] found that an enzymic preparation of the parenchyma of the 
udder of heavy-milking cows could produce lactic acid from glucose, galactose, 
a mixture of the two and from lactose. Barrenstheen and Alders [1932] con- 
firmed these findings and claimed that th<' capacity to produce lactic acid from 
galactose and lactose was a new function of the active niammar}^ gland. They also 
suggested that hexosophosphates might constitute the intermediate material 
for the glucose-galactose conversion in the gland. Borst [1932] believes that the 
mammary gland stores organic phosphates in the periods between active lacta- 
tion. In mammary tissues, and in many others, he found a phosphatase which 
(*ould eliminate P from adenylic acid. This investigator considers that adenylic 
acid is important in the synthesis of lactose. Brenner [1932] found that while 
lactacidogen ” breakdown is complete in 2 hours, it takes 6 hours for th<‘. increase 
of inorganic P to cease during the autolysis of mammary gland tissue. Policy 
[1935] suggests that the phosphatase of the active mammary gland is probably 
identical with that of the kidney. He showed that it is able to catalyse the 
synth(»sis of sodium glycerophosphate. 

Unpublished experiments of the present author have shown that the phos- 
phatase* of the lactating gland of the rabbit and the guinea-pig hydrolyses at 
approximately equal rates the following naturally -occurring hexosephosphates, 
I:0-dij)hosphofructofuranose, glucose-O-phosphate, fructose-6-phosphate, tre- 
halosf ‘monophosphate and the synthetic ester, galactose- 6-phosphate. It has 
been difiicult to demonstrate synthesis of organic phosphates from added glucose 
and inorganic phosphate either by a “brei'’ or by tissue slices of the secreting 
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gland. A slight synthesis was observed in one instance in the presence of added 
hexokinase from yeast. 

It is not yet possible to decide whether the phosphorylation taking place is 
connected only with the glycolysis of the active tissue, or whether it is also 
necessary in the series of changes taking place in the conversion of the glucose 
into lactose. It is of course quite possible that a new enzyme is formed by the 
lactating tissue for the conversion of the glucose to galactose, prior to the 
synthesis of the lactose. 

In tht‘ experiments with galac^iose, there was no evidence of the reverse 
change of galactost^ glucose. Nor was there any evidt‘n(‘(' of the formation of 
noticeable amounts of free galactose from the hexoses investigated ; the small 
quantities of this sugar found in sonui cases appeared equally in tlui (X)ntrol 
ex})eriments. From this preliminary investigation therefore no evidcmce has 
(^merged of the synthesis of galactose in the free state, but onl}^ of this sugar 
combined through its first C atom to the 4th atom of a molecule of glucose 
forming lactoses 

Summary. 

The extent of tho synth(\sis of the gala(‘tose- containing disaccharidt', lactose, 
by the active mammary gland, wIr'U tissiu' slices of the lactating gland are kept 
immersf^d in physiological salt solutions (containing dillenmt hexos(\s, has been 
d(^termined. ()f the hexoses used as substrates, gliK*ose is rt‘adily converted into 
lactose, whilst there is but little evid<‘nce of synthesis from friu^tose, mannose and 
galactose. Th(‘ lactose was estimated by the use of S, fmgilis. Evidence was 
obtained of the }m\scnce of a }iexosephos])hatase in the active gland. A slight 
synthesis of organic phosphat<\s from addcnl glucose and phosphate was obtained 
in one exjx'riment, when hexokinase from yeast was present. 
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Warbubg [1930], Case [1929] and Barr ct al. [1928] have found that the active 
glycolysis of tumour tissue is destroyed by freezing and thawing. In the fore- 
going paper of this series [Boyland and Boyland, 1935] it was shown that extracts 
of frozen malignant tissue rapidly destroy adenylpyrophosphate — the coenzyme 
necessary for lactic acid formation in muscle extracts. We have found that tumour 
extracts convert hexosediphosphate into lactic acid, if relatively large amounts 
of adenylpyrophosphate are added in order to compensate for the destruction 
of this substance. 

Meyerhof and Lohmann [1934, 1] have described an enzyme which causes 
reversible conversion of hexosediphosphate into dihydroxyacetonephosphate 
which they have named zymohexase. Muscle extract forms a very active 
preparation of this enzyme which is, according to Meyerhof and Lohmann 
[1934, 2], 100 times as active as that from a mouse carcinoma (strain not stated). 
We have estimated the zymohexase activity in extracts of tumours and muscle 
of mice and rats. In all our experiments the amount of zymohexase in tumours 
was found to be greater than that found in mouse carcinoma by Meyerhof and 
Lohmann. 

Estimation of zymohexase. 

Weighed amounts of muscle and tumour tissue removed from freshly killed 
mice, rats and rabbits were minced in a well-cooled mortar. The tissue was 
ground with 2 vols. of water until frozen. After thawing and centrifuging for 
15 mins, at 3000 r.p.m. the supernatant fluid was removed and dialysed against 
running tap water for 2 hours in a cellophane bag. The volume of the dialysed 
extract was measured, and small portions were incubated with hexosediphos- 
phate in citrate buffer in an atmosphere of Ng and afterwards precipitated with 
trichloroacetic acid. For the determinations at zero time the extract was 
acidified with trichloroacetic acid before mixing with the substrate and buffer 
solution. The determination of alkali-labile phosphate was carried out as 
foDows. 2 ml. of the solution to be determined were measured into each of two 
15 ml. flasks, to the first of which an equal volume of 2N NaOH was added. 
After 15 mins., 1*4 ml. of lOA/^ HgSO^ were added to each flask and 2 ml. of 
2 AT NaOH to the second flask. Molybdate and reducing agent were then added 
in the usual way. The difference between the amounts of phosphate in the two 
flasks was equal to the alkali-labile phosphate present. 

In order to compare the activities of different tissue extracts the same 
concentration was always used and in every case approximately equal amounts 
of hexosediphosphate. Determinations of free and labile phosphate were then 
made for different times of incubation; the values were plotted against time 
and the time at which half the equilibrium amount of labile phosphate was 
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formed was determined graphically. It was found that if oxygen were not 
excluded from the incubation tubes the triosophosphate was slowly oxidised 
and low values of labile phosphate were obtained for times greater than 15 mins. 
If oxygen were excluded the equilibrium value remained constant for an hour. 
The times required to reach the half equilibrium valuer are given in Table 1 ; in 

Table I. Zymohexase activity of tissue extracts. 


Tissue 

Time required 
for formation 
of 50 of 
maximum 
iriosephoaphato 
(secs.) 

Relative 

activity 

Muscle (rabbit) 

9 

1(X) 

(rat) 

15 

60 

(mouse) 

20 

45 

iSarcoma .‘17 (mouse) 

180 

50 

Crocker ISO (mouse) 

210 

4'3 

Mai (mouse) 

210 

4-3 

J.R.S. (rat) 

210 

4-3 

Brain (rat) 

210 

4-3 


all cases the values are averages of 2-0 determinations. Some similar deter- 
minations made with rat’s brain showed that the rate of triosephosphate 
formation was identical with that of tl.R.S. Zymohexase from tumour tissue and 
from muscle yielderl no alkali-labile j)hosphorus compound from hexosemono- 
phosphate (kindly supplied by Prof. Robison). 

The results show that the zymohexase content of the grafted tumours 
examined is relatively constant and that it is about one-tenth that of muscle of 
the same animal. It is interesting to find that the zymohexase activities of rat 
and mouse muscle are significantly less than that of rabbit muscle. 

The diminished labile phosphate formation in air suggests that the “Pasteur 
reaction ” may possibly be concerned with this stage of glycolysis. The dialysed 
extracts could not convert the hexosediphosphate into lactic acid, yet in the 
presence of oxygen some of the triosephosphate formed from hexosediphosphate 
disappeared. The nature of the oxidation of the triosephosphate has not been 
further investigated, but the results suggest that oxidation in tumour extracts 
can remove triosephosphate, the first product of the decomposition of hexose- 
phosphate, and thus prevent its conversion into lactic acid. 

Occurreyice of dihydroxya-cetonephosphale in tissues. 

Dihydroxyacetonephosphate and glyceraldehydephosphate are the only 
compounds known which yield inorganic phosphate rapidly in cold N NaOH 
solutions. Of these compounds only dihydroxyacetonephosphate has been 
isolated from tissues. If cold trichloroacetic acid extracts of tumour or brain 
tissue from which some free phosphate has been preci])itated with calcium 
acetate or barium carbonate are examined it is found that an increase in the 
inorganic phosphate content occurs on standing 10 mins, in N NaOH. Estimations 
of this alkali-labile phosphorus in three different batches of J.R.S. showed that 
0*02, 0*03, 0*04 mg. of P as alkali-labile phosphate per g. was present. The 
average of these figures would correspond to 0-15 mg. of dihydroxyacetone- 
phosphate per g. of tumour. Similar estimations on two separate ox brain 
extracts showed 0‘12 and 0-15 mg. of dihydroxyacetonephosphate per g. Until 
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the compound is isolated however this labile phosphate cannot be definitely 
attributed to a triosephosphate. 

That tumour extracts form dihydroxyacetonephosphate from hexose- 
diphosphate was confirmed by the isolation of the triosephosphate after in- 
cubation of tumour extract with hexosediphosphate and sodium sulphite. 
Sodium sulphite combines with dihydroxyacetonephos[)hate and hence all the 
hexosediphosphate in solution is converted into triost^phosphate. The hydrolysis 
of the triosephosphate in N HC^l at 100° was followed and the hydrolysis constant 
A: = 33*2 X 10“® agrees with that found for pure dihydroxyacetonephosphate by 
Kiesling [1934]. 

Lactic acid fonnation from hexosediphosphate. 

Extracts of rat and mouvse tumours were prepared in a similar way to that 
described for the preparation of zymohexast' but with only 1 vol. of water in 
order to keep the extracts as concentrated as possible. Tlu^ extract was dialysed 
at 0° for 1 hour. Measured volumes of the dialysed ('xtraet were mixed in 
Thunberg tubes with various reagents in ImfTer; samplers wt^ro removed 

for estimation of the original lactic acid content. The tubes were then repeatcuily 
evacuated and refilled with Ng-COa mixtun^ and incubated at 38°. At the end 
of incubation the samples were all precipitated with tri(‘hloroaeetic acid solution 
(final concentration about 3%) and the estimations of lactic acid carried out 
by the method of Lohmann [1928]. 

Precipitation with copper sulphate and lime before estimation of th(* lactic 
acid was avoided, for in acid solution methylglyoxal has no efi(H‘t on the esti- 
mation but if the solution is made alkaline methylglyoxal is partially (converted 
into lactic acid and dihydroxyacetonephosphate completcdy so. Thus if the 
solution is never allowed to become alkaline the long (‘xtraction of methyl- 
gl3^oxal recommended by Stewart ct ah |1934] is unneeessarv. Some results 
shown in Table II demonstrate that the small lactic acid formation from hexose- 
diphosphate is greatly increased by addition of adenylp^Tophosphatf^ 

No extracts have been found that will products lactic acid from glucose. 
Lactic acid formation from hexosephosphate by a<*tive extracts of different 
tumours is shown in Table III. 

Table II. Effect of varying the adenylpyrophosphate concentration on lactic acid 
formation from magnesium hexosediphosphate by extract of Crocker 180 sarcoma. 

Concentration 
of adenyl- 

Exp. pyrophosphate* 

A 010 

0-40 

B Nil 

007 
013 
026 

* Expressed as pyrophosphate -P in mjtr. per nd. 

These results confirm the suggestion that tumour extracts do not readily 
show lactic acid formation because of the extreme rapidity with which they 
decompose adenylpyrophosphate. Not all extracts which were made under 
similar conditions formed lactic acid from hexosediphosphate, although all the 
extracts tested for zymohexase contained this enzyme. 


mg. lactic acid formed by extract 
from 1 g. original tissue 


In 30 mins. 

0-80 

0-04 


0-84 

0-74 


lu 60 mins. 

0-86 

1-54 

0-71 

0*7.5 

102 

2*95 
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Table III . Lactic acid formation from magnesium hexosediphosphate 
by tumour extracts at 38^. 


mjj. lactic acid formed by 
extract from 1 g. original 




Concentration 


tissue in 



of adcnyl- 

— 


Exp. 

Tumour 

pyrophosphate* 

30 mins. 60 mins. 

1 

Crocker mouse sarcoma 180 

0 

0-58 

0-76 



0-27 

104 

2-40 

2 

f* n 

0 



0-70 



0-22 

— 

200 

3 

tf 

0 

— 

0-34 



0-31 

0-04 

1-20 

4 

»» »i 

0-14 

0*32 

0-34 



0-56 

0-31 

0-72 

5 

JSloiise sarcoma 37 

0-15 

0-76 

— 

6 

>* j» 

0 



0-6 



0-6 

2-2 

3-2 

7 

Mouse sarcoma Mai 

0 

0-28 

0-31 



0-15 

0*91 

1-15 

8 

99 

0 



0-10 



0-22 

— 

2*21 


* Expressed as pyrophosphate- P in mg. per ml. 


Two extractH were made from tl.R-S. but neither of thowse .showed any 
activity at all. This can be oxplain(‘d by the extremely rapid destruction of 
adcnylpyrophosphate by J.R.S. c^xtracts [Boyland and Boyland, 1935]. With 
our best conditions the (‘xtraet corresponding to 1 g. of mouse tumour forms 
2-3 mg. of lactic a(;id per hour from hexosediphosphate. Tumour slices under 
optimum anaerobic conditions (with form 10 mg. lacdic acid perg. per 

hour from glucose but they will not form lactic acid from hexosediphosphate. 
It has been pointed out (Boyland and Mawson, 1934] that the glycolysis of 
hexosephosphate (jould not occur witli whole cells because the phosphoric ester 
could not pass into th(‘ c(dls. But mouse tumour c^xtracts can convert hexose- 
difihosphate into triosephosphate mor<' rapidly than the original (;ells can convert 
glucose into lactic acid, and they can convert hexosephosphatt' into la(*tic acid 
at one- quarter to one-third the rate of normal glycolysis. Moreover the con- 
version of hexosediphosphate into lactic acid necessitates the presence of the 
coenzyme adcnylpyrophosphate which is rapidly broken down by the tissue 
extracts. 

It is improbable that in extraction of the enzyme from tumour with an 
equal volume of water more than one-half of the activity would be found in 
solution. This loss, combined with the destruction of (5oenzynie which occurs in 
the extracts, shows that in the living cell hexosediphosphate would be converted 
into lactic acid as rapidly as glucose is transformed. It is thus possible that 
hexosediphosphate is an intermediate in tumour glycolysis. 

It has been shown [Boyland, 1932] that whole tumour tissue contains adenyl- 
pyrophosphate. It is conceivable that the nucleosidases which attack adenyl- 
pyrophosphate in extracts are segregated in the living cell. One possibility 
is that the nucleosidases are in the nucleus, where the nucleic acid metabolism 
may occur, whilst the adenylpyrophosphate is in the cytoplasm where lactic acid 
formation takes place. These results explain why freezing and thawing of 
tumour tissue destroys the glycolytic power, whilst freezing and thawing of 
muscle does not greatly decrease the lactic acid formation. The rapid breakdown 
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of hexosediphosphato by tumour extracts along the same paths as occur in 
muscle extracts gives support to the idea that the mechanisms of lactic acid 
formation in tumour and muscle are similar. 

The effect of freezing and thawing on the glycolytic process is possibly allied 
to the viability of the tumour under these conditions. Cramer [1930] has found 
the S 37 tumour to be more resistant to freezing than the J.R.S. The Mai. 
sarcoma (used in this work) is also fairly resistant to freezing and like the S 37 
has given extracts after freezing which will convert hexosephosphate into lactic 
acid. The less viable J.R.S. has failed to give any glycolytic extract. 

Summary. 

1. Dialysed tumour extracts contain zymohcxase which converts hexose- 
diphosphate into dihydroxyacetonephosphate. The zymohexase activity of 
tumour is about one-tenth that of the muscle of the same animal. 

2. In the presence of oxygen, dihydroxyacetonephosphate is oxidised by 
dialysed tissue extracts to some more stable phosphorus compound. It is 
possible that the Pasteur effect might involve oxidation of triosephosphate. 

3. Dialysed extracts of mouse tumours convert hexosedipliosphate into 
lactic acid if sufficient adenylpyrophosphate is added to compensate for the 
rapid decomposition of this latter substance which occurs in tumour extracts. 

One of us (M. E. B.) has pleasure in thanking the House Committee of the 
Cancer Hospital for a scholarship held during the progress of this work. 
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(Received June 29th, 1935.) 

In a previous communication [Haas and Russell-Wells, 1923], dealing with the 
occurrence of ethereal sulphates in marine algae, it was stated that in Chondrus 
crispus evidence for the presence of phosphoric^ acid in organic combination had 
been obtained. This was shown by the fact that while no ionised phosphate 
could be detected before hydrolysis, its presence could be readily established 
after. 

The occurrence of small quantities of phosphorus in sea weeds has long been 
known, but the actual amounts quoted in the literature are based upon ash 
analyses of the unwashed and undialysed weed. Such analyses give no indication 
as to the form of combination in which the phosphorus occurs in the weed or 
whether any of it is in organic combination and whether any such organic 
compounds, if present, are water-soluble. The present note is intended to throw 
some light on these questions. The weeds selected were Chondrus crispus, 
Polysiphonia fastigiata and Dilsea edulis, the two former because we had 
previously cixamined them from other points of view and the latter because of 
its relatively high phosphorus content. 

In each case determinations of the total phosphorus content of the untreated 
weed and also of the dialysed aqueous extracts of the three weeds were made. 
Portions of the same extracts were hydrolysed with sulphuric acid under 
pressure and the ionised phosphoric acid ther(d>y released was estimated; it 
was found that the whole of the phosphorus could be accounted for in this way, 
thus showing that the entire phosphorus content of the aqueous extracts was 
combined in the form of an ester of phosphoric acid. Furthermore a number of 
extracts obtained from samples of weed collected at different times of the year 
were examined for seasonal variation. 

Methods. 

The extraction in the case of Chondrus was carried out according to the 
method previously described [Haas, 1921] whereby two extracts known re- 
spectively as C.E. and H.E. were obtained. 

The extracts of Polysiphonia and Dilsexi were prepared by heating the weeds 
with distilled water over a water-bath and dialysing the resulting solutions until 
free from chloride and phosphate. Previous to analysis the dialysed product was 
tested for ionised phosphate, in all cases with negative result. 

Preliminary experiments having shown that the phosijhoiiis content of the 
weeds was very small, it was decided to employ a macrochemical method of 
estimation, since a larger quantity of material could then be used lor analysis, 
thereby reducing the experimental error; Pemberton’s volumetric method of 
analysis was selected. Of the various modifications which have been suggested 
by different authors we have found Richards and Godden’s [1924] for biological 
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material to be best adapted to our requirements. Etheridge’s [1931] observation 
that Richards and Godden’s [1924] instruction to boil out ammonia is unneces- 
sary was confirmed by our experience and this operation was consequently 
omitted. The exact details of the method of analysis employed are given below. 
An amount of material corresponding to just under 2 g. dry weight was dried 
to constant weight in a steam-oven; it was then transferred to a litre round- 
bottomed flask and gently heated with 10 ml. of concentrated sulphuric acid 
and 10 ml. of concentrated nitric acid over a gauze until brown fumes were no 
longer evolved. If the liquid was not colourless at this stage more nitric acid was 
added and the heating continued. When quite colourless the contents of the 
flask were washed into a large beaker and made just alkaline with ammonia 
(sp. gr. 0*880), which in most cases brought about the formation of a gelatinous 
yjrecipitate of silica; the solution was accordingly filtered, made just acid with 
concentrated nitric acid, treated with 40 ml. of 50% ammonium nitrate and 
heated to 70-75'': the phosphate was then precipitated by the addition of 
30 ml. of Mathews’s [1925] molybdate solution to which 1*5 ml. of concentrated 
nitric acid had been added. After standing overnight th(^ solution was filtered 
through asbestos on a Gooch crucible; the precipitate was then waslu'd twice 
with 10% nitric acid, four times with 2% ammonium tiitrate and twice with 
cold water; it was then washed together with the asbestos into the original 
beaker by means of cold water and dissolved in a knovm excess of carbonate- 
free N/2 NaOH, the excess being titrated back with iV/2 sulphuric acid using (> 
drops of phenolphthaHn as indicator. The factor 1 ml. iV/2 NaOHs0*000596 g. 
P was used for the calculation. 

For the estimation of the inorganic phosphate set free by hydrolysis of the 
ethereal phosphate in the aqueous extract the requisite amount of material was 
heated with 75 ml. of 5 % sulphuric acid in an autoclave at 105'' for 4 hours: the 
resulting brown solution was filtered and precipitated as above. The results 
obtained are summarised in Table I. 

Table I. 

The figures give the mean % P calculated on the dry weight of the material analysed. 



Total P by oxidation 

A 

Extract Weed 

P by hydrolysis 
Extract 

J). edulis 

012 

0*41 

0*11 

(\ criHjms 

C.E. 0 030 

H.E. 0 056 

0*22 

C.E. 0*038 
H.E. 0 050 

P. fdsUgiata 

April 0*075 

May 0 036 

Aug. 0*045 

Sept. 0*055 

Oct. 0*022 

0*22 

April 0*073 


The agreement between values obtained for total phosphorus by oxidation 
and total phosphorus by hydrolysis is well within the limits of experimental 
error and accordingly justifies the conclusion that the entire phosphorus content 
of the extracts is present as an ester of phosphoric acid. Furthermore the figures 
given for the total phosphorus content of Polysiphonia extracts from weed 
collected in different months indicate that there is a slight, though not pro- 
nounced, variation in the ethereal phosphate. 
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SUMMABY. 

1. The total phosphorus in three algae, Chondrus crispiis, Polysiphonia 
fastigiata, and Dilsm edulis, has been determined. 

2. The total phosphorus in aqueous extracts of the above has likewise been 
determined. 

3. The phosphorus in the said extracts has been shown to occur in the form 
of esters of phosphoric acid and to vary slightly in amount with the month in 
which the weed was collected. 
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I. ENZYME PREPARATIONS AND THEIR ACTION ON 
TRYPTOPHAN AND SOME INDOLE DERIVATIVES. 

By frank CHARLES HAPPOLD anb LESLIE HOYLE. 

From the Department of Pathology and Bacteriology , 
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{Received July Ist, 1935.) 

Woods [1935, 1,2], in two papers on indole formation by J5. coli, adequately reviews 
the position up to the present. In his own experiments, using twice washed and 
presumably viable suspensions of the organism, he demonstrates the complete 
oxidation of tryptophan to indole and concludes that five atoms of oxygen are 
required for each molecule of tryptophan used. He presents a strong presumptive 
case for the complete and quantitative breakdown to j8-indolepropionic acid under 
anaerobic conditions. In the 8<»cond of his two papers he examines the action of 
his washed suspensions upon a number of possible interm ediatevs and he is forced 
to reject both the hypothesis of Harden [1930] and that ascribed to Raistrick by 
Cole [1933]. We ourselves, using dead suspensions of B. coli, have been un- 
consciously covering so much of the same ground that it seems advisable to 
publish those of our findings which bear upon the investigations of Woods. 

Our first object was to obtain if possible an enzyme preparation from the 
organisms which would convert tryptophan into indole and this we have achieved 
by methods one of which requires the use of toluene and chloroform, which 
according to Woods prevent the reaction ; it seems unlikely that these substances 
can be classed as simple enzyme poisons. 

With regard to the actxial mechanism of the breakdown of tryptophan to 
indole by B. coli, we began with a belief that the breakdown would occur via the 
unsaturated ^-indoleacrylic acid in a manner analogous to the breakdown of 
histidine to urocanic acid [Raistrick, 1917] passing via the keto-acid to indole- 
carboxylic acid and thence to indole. This would account for the production of 
indole propionic acid under anaerobic conditions and of indole under aerobic 
conditions. Unfortunately neither j8-indoleacrylic acid nor indolecarboxylic acid 
gives rise to the production of indole when aerated with the indole-producing 
enzyme. In this direction our results are at the moment entirely negative, but 
it is possible that with enzyme preparations available this problem may be 
brought nearer to solution. 

Indole in our experiments was determined by the method of Happold and 
Hoyle [1934]. Since the error in these estimations was ±5% we have felt 
content with the method. Woods uses a vacuum distillation method since 
steam-distillation may cause decarboxylation of indolecarboxylic acid; this 
method secerns uimecessarily time-consuming to us, and in many bacteriological 
media, especially media containing bile salts, in which we have had to estimate 
indokj, th(‘ method would be impracticable on account of excessive frothing. 

During the course of the investigation we have used many strains of JS. coli 
isolated from both faecal and urinary sources and have also used old stock 
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cultures. Most freshly isolated strains are slow indole formers; in peptone water 
for example practically no indole is produced in the first 15 hours, whereas with 
old laboratory strains indole production begins almost at once and reaches a 
maximum within 12 hours. The addition of sodium deoxycholate in concen- 
trations of 1/1000 or 1/2000, whilst it does not affect the rate of indole pro- 
duction of old strains, accelerates considerably the indole production of freshly 
isolated organisms. Higher concentrations of deoxycholate inhibit growth of 
the organism and consequently indole production. 

Our work on enzyme preparation has been done with old laboratory strains 
which were powerful indole formers. 

Preliminary attempts to obtain an enzyme preparation. 

Our first exxK^Hments were done with living washed suspensions of B, coli. 
Such suspensions, continuously aerated at room temperature under toluene, 
were found to produce indole from tryptophan . This result led us to a series of 
attempts to produce a killed preparation which would show a similar activity. 

Destruction of the bacteria by irradiation with ultraviolet light resulted in 
complete inactivation, as also did lysis with 1:50 sodium deoxycholatcj. 

Shaking the suspension with toluene was found to be an uncertain method of 
killing the bacteria and resulted in considerable loss of potency of the pre- 
paration, but successful results were obtained by shaking with chloroform, and 
chloroform-killed suspensions have been used in most of our work. These sus- 
pensions however were found to deteriorate on keeping, and for this reason 
attempts were made to produce a desiccated preparation. This was achieved by 
precipitating the bacterial suspension with alcohol, washing with alcohol and 
with alcohol-ether, and desiccating in vacuo. 

An attempt was made to obtain a cell-free preparation by suspending the 
bacteria in phosphate solution (if/5, p^ 8*5) and allowing to autolyse for 5 days. 
The suspension was then sliakon with chloroform and centrifuged. The super- 
natant fluid was quite inactive, the chloroform layer was inactive, but the layer 
of intact bacteria retained some potency, though its activity was much reduced. 

The enzymes appear to be strictly intracellular as the supernatant fluid ob- 
tained by centrifuging B. coli cultures or suspensions, after removal of indole by 
extraction with light petroleum and shaking with chloroform, is quite inactive. 

The two successful mt'thods which we have elaborated are described below. 

Methods of preparation of the indole-producing enzymes. 

(1) Type of medium employed. The medium used for the cultivation of the 
organism has a pronounced effect upon the potency of enzyme preparations. 
The most powerful preparations were obtained when the organism was grown 
on 1 : 10,000 tryptophan solidified with agar, with no other source of nitrogen 
and carbon 7*8). This type of medium is however unsatisfactory for general 
use since, owing to the poor growth obtainable on it, the bulk of enzyme from 
a given number of Roux bottles is small. The ratio of potency to protein content 
of enzyme is however higher with this medium than any other. 

Excellent results are obtained when the bacteria are grown on FrankeFs 
synthetic medium [Stephenson, 1930] 4- 1*10,000 tryptophan, a very potent 
enzyme resulting. 

Media containing pure tryptophan are somewhat expensive, and for most 
purposes satisfactory results can be obtained by the use of ordinary nutrient 
agar or Fairchild’s peptone agar. 
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The following results were amongst those obtained when chloroform-killed 
bacterial suspensions of approximately equivalent cell content were allowed to 
act on 2 mg. of tryptophan at room temperature at 8-5 for 40 hours. The 
number of Roux bottles required is given in brackets. 

(1) 7*5 ml. of suspension from 1/10,000 tryptophan solidified with agar 
(18 Roux bottles). Indole formed: 0*66 mg. 

(2) 7*5 ml. of suspension from Frankers medium plus 1/10,000 tryptophan 
(4 Roux bottles). Indole formed: 0*40 mg. 

(3) 7*5 ml. of suspension from ordinary agar (3J Roux bottles). Indole 
formed: 0*1 1 mg. 

In the latest experiments, since it was desirable to obtain enzymes of greater 
potency, the bacteria have been grown on tryptic digest of caseinogen solidified 
with agar. A chloroform-killed suspension from 6 Roux bottles of culture 
producing 0*86 mg. of indole from 2 mg. of tryptophan is a typical finding. This 
represents almost 80% conversion. Such preparations are certainly much 
stronger in their ratio potency/protein content than those obtained on iVankel’s 
medium containing tryptophan 1/10,000; they are less powerful in this sense 
than those grown on tryptophan solidified with agar. 

Experiments were done to determine if the presence of tryptophan in the 
medium is essential for the elaboration of the indole-producing mechanism. In 
one experiment a living suspension of R. coli from Frankel's synthetic medium 
aerated under toluene with tryptophan for 36 hours completely failed to produce 
indole whilst a parallel suspension from ordinary agar did so. 

In two later experiments, however, done with chloroform-killed suspensions 
from Frankel’s medium, some activity was obtained, in one case the potency 
being 1/10 and in the other 2/5 of the potency of parallel suspensions from 
Frtokel’s medium + 1 : 10,000 tryptophan. 

Preparation of chloroform-Mlled bacterial suspensions. 

Bacteria are grown overnight on large Roux bottles of suitable medium. The 
bacteria are then washed off with saline, centrifugc'd, tlie supernatant liquid 
discarded and the deposit resuspended in saline, 10 ml. of saline being used for 
every 10 Roux bottles (average surface an^a 250 cm.^). The suspension is then 
extracted successively with light petroleum (b.p. 40-60°) until completely free 
from indole (about 4 or 5 extractions are usually necessary). 

Chloroform is added to the indole-free suspension in the proportion of 1 vol. 
of chloroform to 2 vols. of suspension. The mixture is then shaken vigorously 
in a mechanical shaker (200 r.p.m.) for 4 hours. This has always been in our 
(experience sufficient to sterilise. The emulsion is subcultured to verify its sterility, 
and used at on(;e, no attempt being made to separate out the chloroform. Pre- 
parations made in this manner are very active, but should be used immediately 
since they show some deterioration on keeping. 

The following is a typical result obtained with an enzyme preparation made 
in this way. (A similar method has been used by Gordon and Cooper [1932] 
in the preparation of bacterial phosphatase.) 

Action of chloroform-killed suspensions of B. coli on tryptophan. 

Flasks were set up as below, and continuously aerated at room temperature 
under toluene for 40 hours. 

Flask (1): 7*5 ml. bacterial suspension, 4 ml. 1:2000 tryptophan solution 
10 ml. phosphate buffer pjj 8*4. 
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Flask (2): 7*5 ml. bacterial suspension, 4 ml. water, 10 ml. phosphate bufer 
Ph 

Flask (3): 7-5 ml. bacterial suspension (heated at 100"' for 5 mins.), 4 ml. 
1 -.2000 tryptophan, 10 ml. buffer pjj 8-4. 

Note, 7-5 ml. of suspension were equivalent to the growth of 8 Roux bottles. 

liesult. Subculture of bacterial suspension: no growth. 

Subculture of flasks (1), (2), (3) after aeration: no growth. 

Indole content after 40 hours’ aeration: (1) 0*20 mg. (2) Nil. (3) Nil. 

A note is necessary regarding the accurate^ estimation of indole in this type 
of experiment. In estimating by the extraction tecliniqiu*, owing to the large 
amount of protein material pres(*nt separation of the licpiids may b(^ incomplete, 
with the result that the* final rosindole solutions contain precipitated protein. 
This precipitated protean should be removcid, either by centrifuging or by dilut- 
ing with 4 vols. of alcoliol and filtering, before attempting the colorimetric 
estimation. 

Preparalion of dried enzyme. 

Bacteria are grown on Roux bottles as above*, washed off, (*eiitrifuged and 
resuspended in saline. The susx)ensioii is then tn^ated with bb% alcohol (at O'"), 
filtered through a Bii diner filter and the preeipitati^d bacti'iia are washed with 
ice-cold absolute alcohol and with iecscold anliydrous aleobol-(*thcr (1:2) and 
desiccated in vacuo. The dry jueparation thus obtained is itjdole-free and usually 
sterile and has the advantage* that it- can bo stored without ax)parent loss of 
activity. The following expiTinumt illustrates its action on tryptoijban. 

Action of desiccated B. coli on tryptophaii. 

Flasks were set up as b(‘low and continuously aiTated under tolmme for 
42 hours. 

Flask (1): dried bacteria from 7 Roux bottles (0-224 g.), 4 ml. of 1:2000 
tryj)tophan. 20 ml. phosphate buffer 8*4. 

Flask (2) : dried bact(*ria from 7 Roux bottles (0-224 g.), 4 ml. water. 20 ml. 
phosphate buffer 8-4. 

Result. Subcultures before and after aeration: no growth. 

Indole content: flask (1) 0-110 mg. (2) Nil. 

Factors modifying the action of the enzyme preparations. 

(1) Aeration. Indole formation by living cultures of R. coli is considerably 
affected by the degree of aeration, inadequate aeration resulting in a consider- 
able reduction of the indole formed, and this was found to apjily also to the 
action of killed susjw^nsions. 

The following results were obtained when 3-5 ml. of chloroform-killed sus- 
pension were allowed to act for 40 hours on 2 mg. of tryptojihan at room tem- 
perature under toluene, one flask being continuously aerated while a parallel 
control was placed in a narrow tube pluggt^d w4th cotton wool and not aerated. 

Aerated flask: indole content 0-325 mg. 

Unaerated flask: indole content 0-031 mg. 

(2) Reaction. A number of experiments have been done to determine the 
effect of Ph on the activity of the enzyme preparation, the preparations being 
allowed to act on tryptophan in buffered solutions (pjj 2~5 citrate, #5—8-4 phos- 
phate, 8-4-11 borate). The optimum reaction was found to be Pn 
activity dropped rapidly between Pn 7*6 and 6-5, was almost negligible below 
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6-0 and finally terminated at 5*0. The alkaline limit was more variable, almost 
all preparations were active np to 9*5, the majority were inactive above 
Pji 10*0, but occasional preparations were feebly active up to p^ 11*0. It is 
probable that the alkaline limit of action is conditioned by the resistance of the 
cells to lysis by alkali, which resistance may vary with different preparations. 
The accompan 3 dng curve shows a typical result (Fig. 1). 



Fig. 1. Efl’oet of pj^ on action of 3 ml. chloroform -killed B. col) sunpenKion on 2 mg. of 
tryptophan; iiasks aerated at room temperature under toluene for 40 hours. 

(3) Heat resistance. All our preparations have been complet(‘ly inactivated 
by heating to 100° for 5 rains. 

(4) Sodium deoxycholute. It has been stated above that the addition of 
1 : 1000 sodium deoxyeholate to the medium accelerates the production of indole 
by (certain freshly isolated strains of B. coll. This is not duo to acceleration of 
action of the tryptophan-splitting enzymes, since the addition of this concen- 
tration of deoxyeholate to enzyme preparations has a pronounced inhibiting 
effect on indole production. In one experiment parallel chloroform-killed sus- 
pensions wen^ allowed to act on tryptoiihan in tlu^ preseiK'i^ and absence of 
1 : 1000 sodium deoxyeholate. In the absence of deoxycholati^ 0*4 mg. of indole 
was produced in 48 hours whilst in the ijnjsence of deoxycholat(i only a faint 
trace of indole was produced. 

Tlie effect of deoxyeholate on indole i^roduction by the living organism must 
therefore bo due to some other 1‘actor. 

(5) Effects of chloroform and toluene. In a recent personal comrnunicjation 
Woods suggested that some of th(i differences betw(i(ui his results and our own 
wen? due to differences in potency between his viable suspensions and our enzyme 
preparations and that chloroform and toluene exerted considerable inhibitory 
effects although they did not completely ina(itivate as was suggested in his 
paper. He pointed out that the yield of indole in his ex|K^riments was much 
higher than in ours. It must be noted however that whereas his experiments 
were done at 37° ours were done at room temperature. It was decided to extend 
our study under parallel conditions of the relative potencies of viable suspensions 
prepared by Woods’s technique and enzyme preparations made by our methods, 
and also to study the effects of chloroform and toluene on these preparations. 

(A) Bekitive potency of viable suspensions and desiccated enzyme. Bacteria 
were grown on Roux bottles of ordinary agar, washed off and divided into equal 
parts. One part was used to prepare viable suspensions by Woods’s technique 
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and the other to prepare desiccated enzyme. Each preparation was then allowed 
to act upon 2 mg. tryptophan at room tc'inperature for 48 hours and the indole 
produced estimated. The average results of 3 experiments were as follows : 

Viable suspension from 6 Roux bottles yielded 0-26 mg. indole. 

Desiccated enzyme from (5 Roux bottles yielded 0-21 mg. indole. 

It appears that the desiccated enzyme is not appreciably less potent than the 
viable suspensions, the slight difference observed being probably attributable 
to slow growth of the viable susj)ensions. 

(B) Effect of chloroform, (chloroform exerts a de^finitfi inhibitory effect upon 
the desiccated enzyme, the potency of preparations being decreased by 75-80 % 
when aerated in the pre8en(ie of a layer of chloroform. Chloroform-killed sus- 
pensions show a redu(jed pobuicy when compared with parallel viable suspensions, 
but it was not found possible to obtain an accurate comparison of the relative 
potencies since counts indicated that the viable suspensions were slowly growing 
and the reduction of potency is variable. 

(C) Effect of toluene. It has been previously stated that shaking a bacterial 
suspension with toluene has much more inhibitory effc^.ct than shaking with 
chloroform. It was also found that the desiccated enzyme was very sensitive to 
tolueme, a considerable reduction in its potency being obtained when aerated 
under a layer of tolutme. In sonu' of our original experiments we thought that 
the desiccated enzyme was inferior in potency to (bloroform-killed suspensions 
and very variable* n^sults were obtained when desiccated })reparations were used. 
It has later become evident that this apparent inferiority was really due to the 
great sensitivity of the desiccated preparation to toluene, and that the irregular 
results were due to variation in the degree of emulsification of the toluene layer 
which occurred during aeration. A somewhat unexpected resiilt was obtained 
wlu-n the sensitivity of viable suspensions and chloroform-killed susj)(‘nsions to 
toliume was tested. The ai^tivit y of parallel suspensions with and without a layer 
of toluene was tested with the result that in both cases the indol(‘ production 
was more than doubled in the presence of toluene. It is suggest'd that this is due 
to removal of indoh^ from th(‘ aqueous layer by the toluene, with a consequent 
acceleration of the reaction. 

It is to be nobjd that when washed suspensions and chloroform -killed sus- 
pensions are aerated under toluene the toluene layer do(*s not tend to become 
emulsified, whilst with desiccated prtiparations considerable emulsification of 
the toluene layer occurs and washed suspciusions shaktm with toluene tend to 
form stable emulsions. It is i)ossible that the inhibitory effect observed with 
tht*se latter preparations is largely physical. 

Action of the enzymes on some possible intermediates of the 
tryptophan-i ndole reaction . 

Indole-3-aldehyde was prepared according to the original method of Ellinger 
[1906] and by the later and greatly improved method of Boyd and Robson [1 935]. 
The details of the latter method were kindly supplied to us some time ago by 
Dr Robson to whom we would exi>res8 our thanks. Both preparations were 
indole-free and had m.p. 194^^ (uncorrected). The enzyme prei)aration from 24 
Roux bottles was made up to 40 ml. with saline and 20 ml. of the suspension 
were inactivated by boiling. Four aeration flasks were set up as follows and 
aeration continued for 2 days. 

(1) 10 ml. enzyme + 10 ml. buffer 8-4 + 4 ml. 1/2000 tryptophan + 10 ml. 
toluene. 
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(2) 10 ml. inactivated enzyme + 10 ml. buffer 8-4 + 4 ml. 1/2000 trypto- 

2 ^han + 10 ml. toluene. 

(3) 10 ml. enzyme + 20 ml. saturated solution of indole-3-aldehyde in buffer 
Pu ^*4 + 10 ml. toluene. 

(4) 10 ml. inactivated enzyme + 20 ml. saturated solution of indole-3- 
aldehyde in buffer 8-4 + 10 ml. toluene. 

From the tryptophan present in flask (1) about 30% of the theoretical yield 
of indole was obtained. No indole was detected in the others. 

The concentration of indole- 3-aldehyde has been varied considerably but 
in no single instance has indole been detected. 

Crowth experiments with indole-3-aldehyde aLso yielded negative results. 

Indolemrboxylic acid was prepared both according to the method of Oiamician 
and Zotta [1888] from skatole and by that of Ellinger [1906] from the 3-aldehyde. 
The yields by both methods wore extremely ])oor, the compounds appeared to 
bo identical and had M.n. 214*^ (uncorrected). The four flasks set up with the 
aldehyde were duplicated with the carboxylic acid, 10 ml. of a saturated solution 
of the acid in phosphate buffer 8*4 were used. Indole was not detected. 

^-Indoleacrylic acid was prepared according to the method of Baiiguess and 
Berg [1934]; the yield was again poor, m.p. 195^" (un corrected). Thc^ acid was 
tested with the enzyme ijreparation as above. The amount used was 10 ml. of a 
saturated solution of the acid in phosphate buffer. No mdole j)roduction was 
detfHiU‘d. 

Through the courtesy of Mr Woods who sent us specimens of indolepyruvic 
indolepropionic and indoleacetic acids we were enabled to examine the action 
of our enzyme upon these substances. No indole was produced from quantitit^s 
of 2 mg. 

Discussion. 

The name ^^tryptophanase” is suggested tor th(^ (complete system of enzymes 
which induce and catalyse the production of indole from tryptojihan and which 
arc proHcmt in killed susiionsions of B, coli. In onr exp(‘rime'nts we have restrict'd 
the concentration of tryjitophan so as to obtain yields of indole whicli could Ixj 
( extracted and estimated without too much labour. An increase in the con- 
centration of tryptophan in the system considerably increases the total amount 
of indole produced, though the percentage of tryptophan converted into indole is 
decreased. The greatest indole production has been obtained using a chloroform- 
killed suspension of B, coli which was grown on tryj)siniscd caseinogen solidified 
with agar. The growth from 0 Roux bottles converted 80 % of 2 mg. tryptojAian 
into indole when aerated at laboratory temperature under toluene. The same 
suspension (‘onverted 42 % of 5 mg. tryptophan into indole. It will have been 
noted that although B, coli grown on synthetic media free from tr;yq)tophan is 
not entirely deficient in tryptophanase the activity is considerably reduced, and 
that th(i most active jireparations are those which have been grown on media 
with a higli concentration of free tryptophan. It seems that the development 
of tryptoyihanase by the organism is controlled in j)art by the concentration 
of free tryptophan in the media. It is hoped to discuss this in a subsequent 
communication since we have reason to believe that we are dealing with an 
adaptive enzyme system. 

Witli cultures grown on ordinary nutrient agar indole i)roduction has been 
great('st with washed viable suspensions of B. coli aerated with tryptophan under 
a layc'r of toluene. There is no doubt that under these conditions, whilst the 
suspensions may remain viable for a period greater than the duration of the 
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experiment, the death raUi «o exceeds the growth rate that viable counts at the 
end of the experiment are in the region of thousands per ml. as against thousands 
of millions in the absence of toluene. In many experiments the suspensions 
under toluene appear to be sterile. The maximum indole production from 2 mg. 
tryptophan using suspensions from (5 Roux bottlt>s of ordinary agar und(^r toluene 
was 0*58 mg. or a 50% conversion. In the absence of toluene the yield was 
approximately 23% of the tluioretical. Indole is extracted from the aqueous 
phase by the toluene and it may be this removal of indolct from the reacting 
sj^stem whic^li accounts for the enhanced production under toluciue. 

It rcmxains to t'xplain the apparent inactivation of susjxuisions shaken with 
toluene at high speeds. Such suspensions fonri a v(uy stable tolinuie-wator 
emulsion and a coating of this emulsion probably intcTfercs in a f)hy8ical sense 
with the action of the enzymes. It lias been noted that th(^ dried preparation 
acting without toluent* is af)proximately as etfective as the chloroform-killed 
suspensions under toluene^ but that its activity is reduced in tlie presence of 
toluene. This has been discussed; the chloroform -kilk^d suspensions remain 
separated in the acpieous })hase whereas the dried product forms an appartjnt 
foam in a toluene-water emulsion. Woods obtaiiu'd complete inactivation of his 
suspensions by shaking with chloroform and tolu(*ne, but it seems evident from 
our results that tliese su])stances cannot be regarded as enzyme poisons, although 
the potency of siispensions is rt‘duced by shaking with cldoroform and more 
markedly by shaking with toluene. 

Working with viable suspensions, Woods sliowcd that i])d()lt^ was not pro- 
duced from indole-lactic, -propionic, -acrylic, -p^Tuvie, -acedic and -carboxylic 
acids, or from indol(v3-aldehyde, and that whilst small amounts of indole wen* 
produced from the pynndc acid in the? ])resence of ammonia or other source of 
nitrogen this was probably due to synthesis of tryptophan which was then 
broken down. The* preparations of tryptophanase which we ha\T elaborated have 
similarly failed to ])roduce indole from thest^ derivative's (with the exc(‘ption of 
indolelactic acid which has not been tested), so that in our ])resent state of know- 
ledge it is not i)ossible to suggest a mechanism for thc^ breakdown of th(^ trypto- 
phan side chain, and in ])articular the promising hy])othesis of breakdown via 
the acrylic acid is not supported by experimental evidence. 


SUMMABY. 

1. Killed preparations of B, coli which convert tryptophan into indole have 
been obtained. The name tryptophanase is suggested for the enzyme system 
found in these preparations. 

2. The tryptophanase is active b<;twecn 5*0 and 10 with an optimum at 

3. The tryptophanase does not produce indole from indolepropionic indole- 
acetic, indoleaorylic, indolepyTuvic or indolecarboxylic acid or from indole-3- 
aldehyde. 

4. Tryptophanase is present in B. coli grown on synthetic media free from 
tr> 7 )tophan, but the jKDtency of preparations is much increased when the 
bacteria are grown on media with a high tryptophan content; the maximum 
potency is obtained when the bacteria are cultivated on a medium in which 
tryptophan forms the sole source of nitrogen. 

The authors are indebted to the Medical Research Council for grants received 
and would take this opportunity of returning thanks. 



192(5 


F. a HAPPOLD AND L. HOYLE 


REFERENCES. 

BaiiguosB and Berg (1934), J. Biol, Chern, 104, 695. 

Boyd and Robson (1935). Biochem, J. 29, 554. 

Ciamician and Zotta (1888). Ber. dentacJi, cjiem, Ges, 21, 1933. 

Cole (1933). Practical physiological chemistry, 240. (W. HefiEer and Sons, Cambridge.) 
Ellinger (1906). Bcr. deuisch. cheni. Oes, 39, 2515. 

Gordon and Cooper (1932). But, J, Exp, Path, 13, 503. 

Happold and Hoyle (1934). Biochem, J, 28, 1171. 

Harden (1930). Medical Res. Connc., System of bacteriology, 1, 242. 

Raistrick (1917). Biochem, J. 11, 71. 

Stephenson (1930). Bacterial metabolism, 274. (Longmans, Green and Co.) 

Woods (1935, 1). Biochem, J, 29, 640. 

(1935, 2), Biochem, J, 29, 649. 



CCXXVIII. ENZYME SYSTEMS OF SARCOMA 
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(Received June 11th, 1935,) 

The discovery of a peculiar carbohydrate metabolism in tumour tissue, first 
pointed out by Warburg etal. [1924; see also Warburg, 1931], has as yet led to 
no understanding of its cause. The chi(‘f obstacle to study of carbohydrate 
transformations in tumour lay in the failure of tumour extracts to produce 
lactic acid from glycogen or glucose. This impedimiuit to progress has been 
commented upon by Boyland and Mawson [1934]. It has been found in this 
laboratory, howevtr, that tumour extract will transform hexosephosphates into 
la(4ic acid [Scharles ei oL, 1935]. In consequence it is now possible to compare 
in sarcoma and in mus(;le the enzyme systt^ms which deal with hexosephosphates. 

It has been observed [Scharles et aL, 1935] that in sarcoma extract the 
enzyme systems connected with hexosephosphate formation appear defectives 
Similarly, Matsuzaki [1933] has reported lack of “phosphatese'’ (i.c. phosphory- 
lating enzyme) in minced tumour acting upon glycogen. It would be tempting 
to ascribe the peculiar carbohydrate metabolism of malignant tissue entirely to 
one such enzyme. First, however, one must be assured that all subseqiumt enzyme 
systems resemble those of a normal tissue like* muscle. This paper reports obser- 
vations which indicate that otluT enzymic differences actually exist, and that 
therefore tlu^ problem is complex. 

In order to compare enzymic action in tumour extract with that in analogous 
extracts from normal tissue (like muscle), it is essential first to know the charac- 
teristic behaviours of both tissue enzyme systems. This paper rej)orts optimum 
conditions for (1) the formation of phosphate esters from glycogen and inorganic 
phosphate, (2) the formation of hexosediphosphate from ht^xosemonophosphate, 
and (3) the breakdown of hexosephosphates into inorganic phosphate and lactic 
acid. Then, in order to separate the successive steps in this series of reactions, 
which normally merge smoothly one into another, use was mad(‘ of toxic agents 
which cheek the progressive d(‘gradation at appropriates points. It has been 
shown, for example, that fluoride and iodoacctate inhibit formation of lactic acid 
from glycogen (or from hexosephosphate) at different stages in the breakdown 
of the substrate [Enibden and Douticke, 1934, 2], This device has permitted the 
chemical dissection of the respective carbohydrate metabolisms of the normal 
and malignant tissues for purposes of comparison. 

Discussion, 

In studying the peculiarities in tumour metabolism which lead to anat^robic 
glycolysis it is necessary to have for control a knowledge of similar processes in 
normal tissue. Of all normal tissues, skeletal muscle has been most intensively 

A This work was aided by the International Cancer Research Foundation and the Ella feaohs 
Plotz Foundation. 
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studied along these lines. Muscle metabolism has therefore been used in tliese 
studies as a guide to the study of tumour. 

As suggested in our previous communication, the behaviour of muscle extract 
can be described by the following schema: glycogen, after hydrolysis, is con- 
verted into (a) hexosemonophosphate, which, in turn, is converted by a second 
phosphorylating enzyme into (6) hexosediphosphattj. By the action of appro- 
priate enzymes the hexosediphosphate is split into trioses esterified with phos- 
phate. These esters then undergo a series of chemical rearrangements in the 
three-carbon state [Embden and Deuticke, 1934, 1]. Ultimately lactic acid and 
free phosphate are produced. 

This orderly series of reactions may be internipted by '‘toxic” agents (like 
iodoacotate and fluoride) which intc^rfere with enzymic activity. lodoacetate 
appears to inhibit moderately the formation of monophosphate, and also mode- 
rately to check further esterification to diphosj)hate, as indicated in Tables 
T and III of this report. At any rate, it completely prevents lactic acid forma- 
tion by muscle extract, as also descril)ed by Embden and Dc^uticke [1934, 2]. 

Likewise, in the presence of fluoride, even though glyciogeii is split and 
phosphate is esterified to a marked degree, the rc'sulting ester, first described 
by Lohmann [1930] and identified as a mixture of phosphoglytieric? and glycero- 
phosphoric acids by Embden et al. [1933], is incapable of further change to 
lactic acid as long as fluoride is pn^st^nt (Table 1). 


Table 1 . Effects of iodoacetate and, fluoride on wnscle and tumour extracts 
with glycogen. Incubated 2 hours at 4(1 , 




Final 

Lactic acid 

Phosphate 




concentration 

prodiK-tion 

esterifii'd 

Phosphate 



of poison 

millimols. 

millimols. 

esterified 

Extract 

Poison 

M 

per 100 ml. 

per 100 ml. 

O/ 

/o 

Muscle 

— 

0 

1-81 

2-77 

24 

»* 

Iodoacetate 

001 

002 

118 

29 

»> 

>» 

0(K)1 

0-09 

1-42 

35 


0* 

0(K)05 

0-15 

1-40 

:ii 

Tumour 

— 

0 

0 

0'2;i 

7 

9f 

Iodoacetate 

0005 

0 

0-21 

7 

Muscle 

— 

0 

0-95 

0-69 

21 

99 

Fluoride 

001 

0-08 

1-00 

50 

99 


0'(H)5 

008 

i-4:i 

44 

99 


<MM)1 

0-84 

0-02 

28 

99 


0-0005 

1-00 

0-60 

19 

'tumour 

— 

0 

0 

o-:i4 

10 

»* 

Fluoride 

001 

002 

0-41 

12 


The esterified product however when formed in the presence of fluoride and 
then isolated free from fluoride can be used by fresh muscle extract as a source 
of lactic acid. By contrast, in the presence of fluoride lactic acid may still be 
formed in appreciable quantity (Tables II and III) from both hexosemono- and 
hexost^di-phosphates prepared with yeast; but phosphate-esterification still pro- 
ceeds more rapidly than its liberation from hexosemonophosphate. 

As is well known [Soharles and Salter, 1934], tumour extract fails to produce 
lactic a(;id from glycogen although the splitting of glycogen is vigorous. The 
resulting f^arbohydrate complex (of unknown composition) cannot undergo 
further degradation to lactic' acid. The data to be presented in this paper show 
that so little phosphate is esterified (Table I) by tumour at this stage, in con- 
trast to muscle, as to suggest either (a) that different carbohydrate-phosphate 
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Table II. Effects of iodoacetate and fluoride on muscle and tumour extracts 
with hexosediphosphate. Incubated 2 hours at 50'^. 


Extract 

Poison 

Final 

concentration 
of poison 

Lactic acid 
produced 
inillimols. 

I’hosphate 

hydrolysed 

millimols. 

Phosphate 

hydrolysed 

M 

per 100 ml. 

per 1(K) ml. 

O/ 

/o 

Muscle 

— 

0 

0-92 

1-.50 

21 


Iodoacetate 

0*05 

0 

0-67 

9 


,, 

001 

0-17 

0-69 

10 

M 


0 001 

0-30 

0-83 

12 

Tumour 

— 

0 

0-57 

0-58 

8 


Iodoacetate 

0-05 

0-21 

0-47 

7 



0-0 1 

0-33 

0-55 

8 

»» 

9 9 

0-001 

0-48 

0-56 

8 

Muscle 

— 

0 

0-92 

1-50 

21 

„ 

Fluoride 

0-05 

0-38 

0-44 

6 

„ 


0-01 

0-44 

0-94 

13 


99 

0-001 

0-83 

1-41 

20 

Tumour 

— 

0 

0-57 

0-58 

8 

,, 

Fluoride 

0-05 

0-55 

0-46 

6 

,, 

*> 

0-01 

0-57 

0-52 

7 


>* 

0-001 

0-63 

0-58 

8 


Table III. Effects of iodoacetate a7id fluoride on muscle and Imnour extracts 
with hexosemonophosphate. Incubated 2 hours at 5(y\ 




Final 

Lactic acid 

Phosphate 




concentration 

produced 

hydrolysed 

Phosphate 



of poison 

millimols. 

millimols. 

hydrolysed 

Extract 

Poison 

Ji 

l)er 100 ml. 

per 100 ml. 

0/ 

/o 

Muscle 

. — 

0 

1-24 

0-69 

25 


Iodoacetate 

0-05 

0 

0-57 

21 

99 


0-01 

0 

0-60 

22 

9t 

99 

0-001 

0-24 

0-60 

22 

Tumour 



0 

0-51 

0 50 

18 

99 

Iodoacetate 

0-05 

0-19 

0-41 

15 



0-01 

021 

0-40 

17 

If 

,, 

0-(XU 

0-32 

0-50 

18 

Muscle 



0 

1-24 

0*69 

25 

99 

Fluoride 

0-05 

0 48 

-0-07 

-3 



0-01 

0-64 

0 

0 

99 

♦» 

0-001 

0-64 

0-30 

11 

Tumour 



0 

0-51 

0-50 

18 


Fluoride 

0-05 

0-50 

0 40 

15 



0-01 

0-51 

0-45 

16 



0-001 

0-49 

0-46 

17 


esters are formed by the respective tissue extracts, or [b) that tumour is deficient 
in phosphatase. Furthermore, what little ester is formed cannot be converted 
into lactic acid by tumour extract. Nevertheless, experiments now in progress 
show that the isolated phosphoglycerio acid and glycerophosphoric esters formed 
by muscle from glycogen in the presence of fluoride can be converted into lactic 
acid by tumour extract. This finding indicates that tumour contains an assort- 
ment of enzyme systems necessary for lactic acid production, as can also be 
demonstrated by artificially supplying hexosephosphates made by yeast (see 
Figs. 3-*6). These hexosephosphates are also available sources of lactic acid 
when acted upon by muscle extract. Nevertheless, that distinct differences 
exist in the enzyme equipments of these respective tissue extracts may be 
demonstrated both by the course of hexose ester degradation and by the effects 
of toxic agents like iodoacetate and fluoride. 
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sometimes 37"^, sometimes lower, i.e. 25°, because at higher temperatures the 
ester formed may be concurrently hydrolysed to a greater extent. (This latter 
condition is noticed most when lactic acid formation is not optimum because 
of insufficient coenzyme.) 

The optimum for muscle acting on glycogen was 6‘8-“7*2 for both lactic 
acid production and esterification (during 2 hours at 45°). 

When tumour extract was incubated with glycogen no lactic acid was pro- 
duced and there was only slight esterification of phosphate. Variations in tem- 
perature and in acidity had very little effect upon the amount of phosphate 
esterified. These results are illustrated in Figs. 1 and 2. 

Hexosediphos'phate. In Fig, 3, the optimum temperature for production of 
lactic acid and splitting of phosphate from hexosediphosphate by both muscle 
and tumour extracts is shovm to be in the vicinity of »55°. The optimum p^ 
was very difiicult to determine with hexosediphosphate substrate because the 
addition of phosphate buffer inhibited the reaction to some extent. The most 
favourable reaction seemed to be the pjj of the muscle extract itself, approximately 
6*5. Therefore, in using hexosediphosphate as the substrate, it was neutralised 
to p^i 6*8 before adding tissue extract. 



Fig. 3. Optimum temperature for production of lactic acid and hydrolysis of phosphate for 
muscle and tumour extract, respectively. Hexosediphosphate as substrate. o~-o Muscle- 
lactic acid production. Tumour-lactic acid production, l — a Iduscle-phosphate 

hydrolysis. ▲ — a Tumour-phosphate hydrolysis. 


As illustrated by Fig. 4, the appearance of lactic acid was paralleled by the 
appearance of free phosphate in nearly equivalent quantity for the first 2 hours 
of incubation at 50°. Thereafter the rate of lactic acid production dropped off 



ENZYMES OF SARCOMA AND MUSCLE 1933 

wh^t phosphate hydrolysis continued at the same rate for 2 liours further. 
This was true of both muscle and sarcoma extracts. 



Fig. 4. Production of lactic acid and liberation of inorganic phosphate from hexosediphos- 
phate by muscle and tumour extract, respectively, o — o Muscle-lactic acid production. 

• Tumour-lactic acid production, l — a Muscle-phosphate hydrolysis, a a Tumour- 

phosphate hydrotysis. 



Fig. 6. Production of lactic acid and esterification (or liberation) of inorganic phosphate from 
hexosemonophosphate Iw muscle and tumour extract, rcsjieeiively. o~ -o Muscle-lactic 
acid production. • — • Tumour-lactic acid production, a — a Muscle-phosphato hydrolysis. 
A — A Tumour-phosphato hydrolysis. 

Hexosemonophosphate, When fresh muscle extract was incubated at 50" with 
hexosemonophosphate solution for various periods of time there was a pro- 
gressive increase in lactic acid. On the other hand, free phosphate decreased 
during the early period of incubation, to return eventually to its original con- 
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centration, and then progressively to increase. Similar experiments with tumour 
extract however failed to reveal any reversal of phosphate balance although 



Fig. 6. Optimum temperature for production of lactic acid and csterificat-iori (or liberation) of 
inorganic phosphate by muscle and tumour ext.ract, respc(‘-iively. Hexosemonophosphate 
as substrate, o — o Muscle-lactic acid production. • — • Tumour-lactic acid jiroduction. 
L — A Muscle-phosphatc hydrolysis. ▲ — a Tumour-phosphate hydrolysis. 



Fig. 7 . Esterification of phosphate by muscle extract ( but not by tumour extract) when incubated 
with hexosemonophosphate at varying temperatures. 


lactic acid accumulated at approximately the same rate as with muscle. These 
results are shown in Fig. 5. 
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When muBcle extract was incubated for 2 hours at various temperatures 
with hexosemonophosphate, lactic acid reached maximum concentration be- 
tween 50^ and 55^. With this long period of incubation however the amount of 
free phosphate showed the same reversal at lower temperatures as was en- 
countered at 50^ for a shorter incubation time. As shown in Fig. 6, maximum 
esterification of phosphate was found at room temjxTature, but maximum 
hydrolysis of phosphate was at 60". 

With tumour extract, the optimum temperature for lactic acid production 
was likewise 50" to 55". At no tempeirature was any esterification observed. The 
optimum for hydrolysis of pliosphaki was similar to that of muscle. 

Accordingly, the concentration of free phosphate may be regarded as a 
function both of time and of temperature. This relationship is given in dia- 
grammatic form in Fig. 7. Comparison of the data for mus(*le with those for 
tumour discloses the absence of reversal in the latter case. 

III. Effect of poisons . 

Th(‘ (‘ffccts of iodoact‘tate and fluoride upon the activity of muscle or tumour 
extracts were studied with glycogen, hexosedipliosphate and hexosfunonophos- 
phatc as substrates. Th(‘se results are shown in Tables 1, 11 and ill respectively. 

Glycogen. With glycogen, lacitic acid production by musde was almost com- 
pletely inhibited by 0*0()05 Ji iodoac(»tate or 0*0053/ fluoride. Phosphate esterifi- 
cation was somewhat inhibited by iodoacetate, aiifl greatly increased with 
fluoride. According to Meyerhof and Kiessling 1 1933] and Embdon and Dcuticke 
[1934, 1 , 2] the esters formed under the influence of fluoride are the three-carbon 
esters, phosphogly ceric acid, and glycerophosy)horic acid (s(x^ Table I). 

When tumorir extracts and glycogen were similarly treated, iodoact'taU^ or 
fluoride in a conc('ntration of 0*013/ showed almost no effect on the slight 
amount of esterification already y)resont. 

Hexosediphosphate . With hexoBediphosy)hate stronger concentrations of 
poisons were necessary to alh‘ct the reaction. 0*053/ iodoac(‘tate caus(‘d com- 
plet(‘ suppression of lactic acid formation with muscle extract, but only about 
50% inhibition with tumour (*xtract. The (dTect on phosy)hate hydrolysis was 
about 50% with muscle and hardly noticeable with tumour (seci Table II). 

A fluoride concentration of 0*053/ showed about 30% inhibition of lactic 
acid production and phosphate' hydrolysis with muscle and almost no efi‘e(*4 ui)on 
tumour’s action on hexosedi])hosphat-('. 

Hexosemonophosphate . With the hexosemonojihosphate mixture [Robison 
and Morgan 1930J, iodoacetate in coiKH'iitration of 0*01 M com])l('tcly inhibited 
lactic acid production with muscle, and in concentration of 0*0013/ markedly 
inhibited it. The effect on phosphate hydrolysis was slight. Again the ac'tion of 
iodoacetate on tumour activity with hexosemonophosphate was not marked; 
0*053/ concentration reduced lactic aedd production to 40 % but s(*arcely affected 
phosphate hydrolysis (see Table 111). 

Fluoride had almost no effect on tlu' results with tumour extract acting on 
hexosemonophosphate. With muscle however 0*053/ fluoride caused somt' inhi- 
bition of lactic acid production and some accumulation of esters with hexose- 
monophosphate (as occurred also with glycogen). 

IV. Effext of coenzyme. 

As is well known from the work of Meyerhof ei al. [1931] and of Milroy et ah 
[1933] “rigor muscle’’ extract, in which the coenzyme adenosinetriphosphate 
has been broken down by the body enzymes before extraction, is incapable of 
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producing lactic acid from glycogen. The extract however can be reactivated 
by addition of small amounts of adenosinetriphosphate. 

As reported by us previously [1935], tumour extract is also inactive with glyco- 
gen. It already contains small amounts of adenosinetriphosphate by analysis 
however and cannot be made to produce lactic acid by addition of more coenzyme. 

“Rigor muscle” extract was still active towards hexosediphosphate, though 
to a less extent than fresh muscle extract. Tumour extract, which was dialysed 
24 hours to remove the coenzyme, was still active with hexosediphosphate 
without any reinforcement, 

“Rigor muscle” extract is also inactive with hexosemonophosphate and can 
be reactivated by addition of coenzyme. Dialysed tumour extract however was 
as capable of producing lactic acid from hexosemonophosphate as fresh tumour 
extract ; and the addition of adenosinetriphosphate was without effect. 

Summary. 

Enzymes which control carbohydrate metabolism have been examined as a 
possible cause for the peculiar carbohydrate metabolism of tumour tissue. To 
this end lactic acid production was studied, coincidently with phosphate esterifi- 
cation or hydrolysis of organic phosphates. When extracts of tumour and of 
skeletal muscle respectively were compared in their actions upon glycogen and 
hexosephosphate substrates, several differences were noted. Thc'se diff('ri*nces 
involved the effects of fluoride and iodoacetate. and of coenzyme dt^ficiency. 

Both tumour and muscle extracts produced lactic acid from hexost^phos- 
phates. Nevertheless tumour extract contrasted with muscle extract in the 
following features: (a) tumour extract n^mained unaffected by fluoride in its 
ability to produce lactic acid or to liberate phosj)hato from liexosephosphate 
esters ; (6) tumour extract was much less susceptible to inhibition by iodoacetate ; 

(c) tumour (‘xtract failed to esterify phosphate with hexosemonophosphate; 

(d) tumour extract produced lactic acid from hexosemonophosphate despite th(^ 
depletion of coenzyme. 

These findings suggest that, given an appropriate hexosephosphate ester 
from which both muscle and tumour extracts may produce lactic acid, never- 
theless carbohydrate breakdown in the two tissutt extracts proceeds along 
different paths. 
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In the first paper of this scries [Elliott and Schrooder, 1934] a study was made 
by manometrie and a.nal 3 dical methods of the oxidative bn^akdown of lactie and 
pyruvic acids in rabbit kidney cortex. It appeared that lactate is first oxidised 
to pyruvate and that the main courstj of the removal of pyruvate follows a eyelet 
of reactions similar to that put forward by Toenn lessen and Brinkman [1930J for 
muscle tissue. This cycle involves tlu^ oxidation of 2 mols. of pyruvic acid, 
probably by way of an unknown intermediary, to 1 mol. of succinic acid ; suc- 
cinate is then oxidised to fumarate, which, after conviTsion into malate, is 
oxidised to oxaloac(d/ate, and oxaloacctate is decarboxylated yielding 1 mol. of 
pyruvate. The series of reactions is illustrated by the following scheme: 


2OH3.CHOH.COOH 


"4H 

2CH3.cV).COOH 


-COg 


CO.COOH 

ina.COOH 



CHj.ClO.COOH 

^Ha. CO.COOH 
(hypothetical) 



-2H 


CH(OH).(JOOH +H2O 
(!h2.CO()H 


CHg.COOH 



CH.COOH 

11 

OH.COOH 


In this paper are presented the results of a corresponding study on trans- 
plantable rat cancers, and, for more direct comparison and further discussion, a 
set of results obtained with rat kidney cortex is given. The methods were similar 
to those described in the last paper with certain improvem<mts. These results 
show that tumour tissue is completely unable to remove lactic and pyruvic acids 
by the above cycle of reactions, mechanisms for the catalysis of several of the 
steps being absent. In later papers we hope' to follow the e>ycle in other tissues. 


Methods. 

In general the methods used by Elliott and Schroeder were em])loyed. These 
consisted in measuring the Og uptake, respiratory quotient and acid change of 
thin slices of tissue in bicarbonate medium in an atmosphere of 95 % O 2 + 5 % CO 2 
by means of the Dixon and Keilin apparatus [1933] ; at the end of an experiment 
the contents of the manometer vessels were washed out quantitatively and 
Bioohem. 1936 xxix ( 1937 ) 123 
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chemical estimations carried out on the fluid and tissue. Certain weaknesses in 
the estimations were discovered and modifications to overcome these are 
described below. 

Pyruvic acid estimation. With the method of Clift and Cook [1932] inconsistent 
and low recoveries, 80-95 % , as judged by the titration of the acidity of pure 
pyruvic acid solutions using dilute NaOH and phenolphthalein, were obtained. 
The fault was found to lie in th('. fact that, after the addition of sodium bicar- 
bonate suspension to break up the pyruvate- bisulphite? compound, the bisulphite 
rapidly disappeared. If the mixture wen^ allowed to stand for 10 min. at 22-24®, 
the amount of iodine required was reduced to 50-55 % of the theoretical. How- 
ever, when the liquid was cooled to well below 10®, this loss was greatly reduced ; 
recoveries of 96 % were then obtained consistently on immediate titration, and 
on standing 10 min. in th(‘ cold the recoveries only went down to 87-91 % . The 
method is therefore satisfactory provided that the solution is w^ell cooled before 
adding the bicarbonate suspension and the titration is done immediately. It was 
found unnecessary t^o cool b(?fore adding the strong iodine to remove excess 
bisulphite ; the loss due to dissociation of the bisulphite compound is slow, being 
about 5 % if there is a delay of 10 min. at 25® at this stage. The fact that the 
above source of error was not observed by Clift and Cook was probably due to 
the lower normal temperatun? in an English laboratory. 

The necessity for cooling is removed if solid disodium hydrogen phosphate is 
used instead of bicarbonate suspension. After adjusting the initial point in the 
manner described by Clift and Cook, 2 g. of Na 2 HP 04 , 12 H 2 O are added and the 
iodine titration is carried out at once at room temperature. The titration goes 
more slowly, but cooling becomes unnecessary, recoveries are consistently good, 
97-99%, and there is no blank value as then? is with bicarbonate?. This modifi- 
cation has been adopted throughout this work. 

Clift and Cook observed that glucose gives a small titration by their method, 
especially in the presence of amino-acids e#c., but that the (?ft'ect of the sugar is 
avoided if the solutions are made acid before the bisulphite addition. Larger 
clTects were found when glucose in bicarbonate- Ringer solution had been incu- 
bated and kex)t for some time in dilute acid as in a manometric experiment, and 
still larger effects when tissue had be(?n present, even though the solutions 
analysed were about 0-03 N acid. Under constant conditions the titre is about 
proportional to the amount of glucose present, so that an illusory pyruvate dis- 
appearance is observed when glucose is being removed by glycolysis. The glucose 
effects arc? much reduced and this illusory effect disappears if 0*5 ml. of Y HgSO^ 
is added to the 5 ml. of solution before bisulphite treatment. 

For example, in a normal experiment with tumour tissue in 3 ml. medium containing 7-2 mg. 
gliuiose initially, the fluid from the control (L) vessel, after making up to 25 ml, and analysing, 
apparently contained 0*28 mg. pyruvic acid and the fluid from the experimental (R) vessel, winch 
had lost 2*1 rag. glucose by glycolysis, apparently contained 0*21 mg, pyruvic acid. In a similar 
experiment with 5 times the amount of glucose initially present the “ pyruvate ” found in the L and 
K vessels was respectively 1»40 and 1-24 mg. But when the extra acid was added before estimation 
in the above experiment with the normal amount of glucose the titres of both L and R vessel 
fluids were equivalent to only O-l 1 mg. pyruvate, in another experiment to 0*06 mg., and in the 
experiment with five times the amount of glucose, the titres corresponded to 0*36 and 0*37 mg. 

Oxaloacetdc acid estimation. As Clift and Cook pointed out, the direct estima- 
tion of oxaloacetate gives uncertain results since increasing amounts of iodine 
are taken up owing to the formation of iodoform. Using the above alkaline 
phosphate method this effect seems even more pronounced, uncertain results as 
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high as 120-140 % of the theoretical being obtained. If however the solutions 
are made alkaline and heated on the water- bath for an hour as described by Clift 
and Cook for the removal of unstable carbonyl compounds, the oxaloaoetate is 
completely changed into pyruvate, and satisfactory consistent titrations of 
90 “ 91 % are obtained. (Clift and Cook obtained 93 % for pyruvic acid itself after 
alkali-heat treatment.) Care must be taken to make the solution properly acid 
at the end of the alkali treatment by adding about 0-5 ml. N II2SO4 more than is 
required to decolorise the thymolphthalein. All our estimations of oxaloacetate 
have been made by this method and the results corrected by multiplication by 
MO. 

Lactate and malate. The method of Friedemann and Graeser [1933J was 
followed as before except that the acetaldehyde-bisulphite compound was 
split by the alkaline phosphate method. Instead of 15 ml. of satiirah^d NaHCO^ 
solution about 2-3 g. of solid NtigHPO^, I2II2O were added at the beginning of 
the titration and 1-2 g. more at the appearance of the end-point to ensure a 
sufticient amount. The rec()V()ri('s were uniformly good, 97-99%. A few more 
experiments were done oji tlie extent to which malate and fumarate affect the 
estimation. The effect of fumarate is very small. Wlureas 1 mg. of lactic acid 
corresx)onds to a titre of 11- 1 ml. of 0 002 N iodine, 1 mg. of fumaric acid requires 
about ()*3 ml. Malic acid has a considerable effect, 1 mg. requiring about 3-5 ml. 
of the 0*002 N iodine. This method however is not suitable for the estimation of 
malic acid since the recovery varies consichrably and also depends on the time 
(half’ an hour or overnight ) during which the solution has stood with the 
Ca(0H)a'-Cu804 sugar-ixiuioving agent. Nevertheless, when conditions are 
C!onstant the method is useful as a rough measure of the changes in malate con- 
centration. It should b(i noted that for the purposes of this work 0*5 mol. 
malate corresponds to 1 mol. lactat(‘ or j>yruvate. All the figures under in 
Tables 1 to X were calculated as if the estimations were on pure lactate. With 
many of the figures in brackets the estimations were actually mostly of malate 
and in these cases an idea of the malate change is obtained by multiplication by 

about 4.3 (ill X-). 

Acetaldehyde, In the previous paper it was mentioned that the presence of 
acetaldehyde in the manometer ves.sels could be detected by taking readings of 
the manometer at 37^ and at 10"’, since acetaldehyde condenses at 21 More 
careful tests showed that, owing to the high solubility of acetaldehyde, vessel 
constants for this gas are very high, about 200, so that only large amounts would 
affect the manometer appreciably. In this work therefore we have estimated any 
acetaldehyde formed, in conjunction with the lactic acid estimation, by carrying 
out a preliminary distillation for about 10 min. without permanganate. To pre- 
vent any permanganate entering the distilling flask, the stem of the permanganate 
dropping funnel is filled with water. The distillate is collected as usual in a 
solution of bisulphite and subsequent estimation of bound bisulphite gives the 
amount of aldehyde. The bisulphite solution is then changed and the lactic acid 
determination carried out as usual. Tests showed that under ordinary experi- 
mental conditions, after the removal of glucose with Ca(OH)2 and CuSO^, re- 
coveries of 85 % of small amounts of added acetaldehyde were obtained. This 
was close enough as the method was used rather as a qualitative test. The traces 
of volatile carbonyl compound shown in the experimental part are entered as 
‘^acetaldehyde*^ and corrected for the low recovery by multiplication by 1*18. 
When the amount is appreciable, the pjruvic acid estimation has been corrected 
for the acetaldehyde which of course enters additively into that determination. 

123—2 
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Glycogen, An appreciable and variable blank value of 0*03-0‘045 mg. was 
found to occur in the method previously described. This was traced to a reducing 
impurity derived from the rubber stopper which holds the condenser tube into 
the centrifuge-tube during the HCl hydrolysis of the glycogen. By using a small 
glass funnel hanging in the centrifuge-tube, instead of the condenser, the blank 
values became lower and consistent at 0*02 mg. 

Solutions, In the experiments with glucose this substance constituted 0*24 % 
of the medium. All the other substrates were added in the amount necessary to 
make the concentration in the medium ()'02 N {c.g. 4*02 mg. malic acid in the 
3 ml.), except that with dZ-lactate twice this concentration was used. The various 
substrates were made up in neutral solution in Krebs medium as previously 
described. For pyruvic acid it was found conveiiitmt to hav^e a stock 5 % solution 
of the redistilled acid made up in Krebs medium, with water substituted for the 
bicarbonate solution. Immediately before use portions of this were neutralised 
with sodium bicarbon ate -saturated Krebs medium and made up to the required 
volume with the medium. 

The oxaloacetic acid used for this work was prepared from 50 g. ethyl sodio- 
oxaloacetate. The sodium was removed by shaking with cold dilute H2SO4 
followed by extraction with ether. Ailer removing the ether, the est(^r was 
hydrolysed by treatment with 4 vols. of concentratecl HCl for 48 hours [Simon, 
1903]. Any crystals formed were collected, and a furthi'i* yield was obtained by 
repeated extraction of the fluid with ether. After recrystallisation from a(^etone 
and benzene 3 g. of the acid were obtained, m.p. 147-148''. 

Manometric. With two people working tog('ther at the manometric work, it 
was possible to run four manometers simultaneously with less delay between the 
death of the animal and the starting of the last manometer than in the previous 
work with only three manometers at a time. In the majority of the experiments 
in this paper the Keilin “danglers’’ were omitted, the substrate solution being 
pipetted directly into the vessel imm(‘diateJy before placing m the bath. 

Terms. The terms defined in the first paper are used for this work and the 
methods for reducing analytical figures to those terms are shown in the protocol 
of that paper. However, in this and future work, we shall use the term only 
in cases where it is probable that pyruvic acid itself' is the main keto-body 
estimated. In other cases, such as with oxaloacetic acid, we vshall use the term 
to include change in all carbonyl compounds (including any traces of 
acetaldehyde when this substance has not been estimated separately) . The term 
^^1,, will be us(^d to describe changes in acetaldehyde. 

Figures given in brackets under refer to estimations which were given 
in whole or in part by malate although the calculation was made as though 
lactat(^ alone were present. Where chiefly malate was being estimated, these 
figures, as mentioned above, should be multij)lied by 4-3. 

Results, 

Rat kidney cortex. For these experiments the kidneys of healthy large rats, 
weighing about 300 g., were used. Enough slices of cortical material could be 
obtained from the kidneys of one animal to put 60-90 mg. of moist tissue 
(10-15 mg. dry weight) in each vessel of four manometers. Roughly equal 
amounts of tissue from the two kidneys were put in each vessel. In Tables I and 
II results are given of experiments in the presence of glucose and in its absence. 
It is seen that the results are qualitatively the same in the two cases, and that 
the events are similar to those observed by Elliott and Schroeder with rabbit 
kidney. 
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Table I. Eat kidney cortex. Glucose present in medium. 

Total glycogen 
mg. 


Expcri- 
Control mental 


Substrate 

~Qo2 

R.Q. 

Qx 


^Koto 

vessel 

vessel 

^P8 

No addition 

24-3 

0-86 

- ()•« 

-0-2 

- 01 

0101 

0-023 

-0-9? 

d/-Lactate 

36 1 

0*85 

- 91 

- 6-7 

4 1-7* 

0-033 

0-046 

-fO-2 

Pyruvate 

34-9 

1-31 

-22-6 

4-3-9 

-28 3 

0-043 

0041 

0-0 

Acetate 

26-9 

0-93 

- 6*8 

+ 0-4 

- lO 

— 

— 

— 


* See text. 


Table IT. Rat kidney cortex. Glucose absent. 

Total glyoogen 
mg. 

A , 


Experi- 
Control mental 


Substrate 


R.Q. 





vessel 

vessel 

Qrs 

No addition 

21-.’) 

0-82 

-1 0-6 

0-0 

0-0 

— 

0-041 

0-036 

0-0 

f//-L+vCtatc 

32 1 

0 89 

9 0 

- 9-:i 

4 0-6* 

— 

0020 

0-151 

+ 0-9? 

Pyruvate 

33-6 

1-28 

20 3 

-f- 4*2 

-26-0 

— 

0-062 

0-046 

-0-1 

No ad<lition 

19-9 

0-75 

-i 0-7 

4 0 1 

(H) 

— 


— 

— 

yuecinate (u) 

32-8 

0 68 

14-0 

( i H-?) 

4- 3 5 

— 


— 

— 

('>)t 

30-S 

0 88 

-16-1 


-- 

— 

-- 

— 

— 

Fumarate 

24-6 

1-06 

- 15-0 

(4-7 1) 

4 4-4 

— 

— 

— 

— 

Z-Malate 

24-0 

M9 

-n-6 

( -8-2) 

4 3-5 


“““ 

— 


No adtiition 

17-0 

0 77 

- 0-4 

0-0 

0-0 

— 

— , 

— 

— 

Oxaloaeetate 

27-8 

1-81 

-32-3 

1 3-1 

-21-7 

4-00 

— 

— 

— 

Acetate 

20-5 

0-88 

- 4-1 

+ 0-6 

1 0-3 

— 

— 

— 

— 

jS- Hy drox y b u ty ra(<e 

21-4 

0-78 

- 3-0 

-0 I 

0-0 

+ 2 9 

- 

— 

— 

* See 

text. 


t Done on tissue 

‘ from a 

dift’erent animal. 




Study ing Tables II we see that lactate hasdLsapj)eared to the exbuitof 9*3 m.eq, 
(maiionu'trie equivalents) and this is reflected in the acid disappc'arance. The 
oxygen uptake is much inereascul and there is a rise in the R.y. In the previous 
paper it was suggested that pyruvate was the first stage in the renuoval of lactate 
and that in tin? presence of excess lactate a little pyruvate (keto) apfx^ared as a 
result of a dynamic? c?quilibrium. The above ex]K‘rmient illustrated this clearly 
since lactate was added to the nu*dium in the* vessel immcMliatc'ly after introducing 
the tissue and not by means of danglers after the ecpiilibration period. It was 
found that during the 18 min. elapsing before tipping acid into the left-hand 
vessel, pyruvate had accumulated at the rate of 3-5 m.eq. and had already 
rc^ached more than half of the* maximum amount found in the right-hand vessel 
after 108 min. 

Succinate, fumarate and inalate disapjiear, as acids, at about the same rate. 
Apparently the oxidation of succinate to fumarate? by rat kidney proeec'ds con- 
siderably more rapidly than the further oxidation of the acids. This is indicated 
by the higher Og uptake with succinate and the lowered ii.g. It has b(?en mc^ntionc'd 
that malate affects the lactic acid estimation considerably. This ('stirnation thus 
brings out clearly the position of malate in the cycle. With succinate a con- 
siderable amount of malate appearc^d ; with fumarate, which immediately pre- 
cedes malate in the cycle, still more malate was formed, and with malate itself 
added, there was a large disappearance which would have been caused partly 
by oxidation and partly by conversion back into fumarate. The next two steps 



1942 


K. A. C. ELLIOTT, M. P. BENOY AND Z. BAKER 

in the cy(4e arc oxaloacetate and p 3 mivate, both koto-bodies, and as would be 
expected, tiiere is found to be some accumulation of such substances. (The B.Q. 
with fumarate and malate was raised considerably but did not reach the figure, 
1*33, expected if they were bfung oxidised completely and no other oxidations 
we^re occurring.) 

With oxaloacetate there is seen to be a very large disappearance of acid, part 
of which is due to decomposition to pyruvate, thus causing a very high R.Q., and 
part to the further oxidation of the pyruvic acid. Et will be noticed that the keto- 
body disappearance is a little smaller but of the same order as when pyruvate is 
added directly, and the same applies to the lactate formed by reduction. As 
with rabbit kidney, acetate is oxidised to a certain extent as is indicated by 
increased O 2 uptake, a raised b.q. and some acid disappearance. The rate how- 
ever is not sufficiently high to suggest that it is an intermediary in the breakdown 
of pyruvate, but there is the possibility that acetate may be oxidised tna the 
cycle, being first converted into succinate. 

For comparison with the above results, Tabk' TII gives a set of results 
obtained with rabbit kidneys using the improved p}Tuvate estimation. These 


Table TIT. Rabbit kidney cortex. Glucose absent. 


Substrate 


R.Q. 

C>A 

Ql\ 


No addition 

11-9 

0-75 

+ 0*3 

-01 

0 

Lactate 

14-7 

0-84 

- :b3 

-3-5 

-f()-4* 

-hOl 

Pyruvate 

14-8 

1 16 

- 5*7 

+ l'i> 

-8 0 

Fumarate 

14-5 

1*36 

-12-8 

(+9-1)* 

-1-0-3 


(-0 1 ) 

* No danglers were used. Figures marked refer to pyruvate or malate formed during the 
preliminary 20 mins. 

results agree completely with those given in the pn^vious pa])er. In the experi- 
ment with fumarate, Keilin danglers were not used and during the preliminary 
20 min. malate was formed in the left-hand vessel, before the acid was tipped in, 
at the rate of 9-1 m.eq. (as lactate) and, having reached equilibrium with 
fumarate, increased no further in the right-hand vessel during the experiment. 

It is seen that lactate is less rapidly removed by the rabbit tissue than it is by the 
rat tissue. The same applies, and more strikingly, with added pyruvate. The rabbit 
tissue appears to remove pyruvate less rapidly than it does fumarate and the 
other substances of the cycle. Yet, if the cycle of reactions is to proceed, pyruvate 
should be oxidised at least as rapidly as fumarate ; otherwise one would expect 
pyruvate to accumulate. It is possible that pyruvate added in a concentration 
of 0*02 M has an inhibitory effect on rabbit kidney. With rat kidney, the rate 
of ])yruvatc removal is very high, e.g. 26 m.eq. of keto-body. Some of this is 
reduced back to lactate, but the oxygen uptake, though much increased is not 
sufficient to account for complete oxidation of the acid (Q^=20*3) disapj)ear- 
ing. (1 m.eq. of pyruvate requires 2*5 m.eq. of O 2 for complete oxidation.) 
It was pointed out in the last paper that the total oxygen uptake of rabbit 
kidney in the presence of succinate, fumarate eic. was not sufficient to account 
for complete^ oxidation of the acids disapixwing. With the rat kidney the Og 
tiptake is sufficient but only if one supposes that oxidation of practically no 
other materials takes place (1 m.eq. of fumarate requires 1*5 m.eq. of Og). 
It is x>robable therefore that there is another course of metabolism of these sub- 
stancjes which involves disappearance of carboxylic acid without complete oxida- 
tion. The estimations show that this is not a synthesis to glycogen. It may be 
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that other carbohydrates are produced, and this possibility will bo examined in 
future work, although Ashford and Holmes [1931], who found a similar un- 
accountable disappearance of lactate with brain tissue, were not able to find a 
corresponding synthesis of carbohydrate. 

It is necessary here to correct an error in the previous paper where the state- 
ments were made that kidney slices catalyse the decarboxylation of oxaloacetate 
and that the ^-carboxylase responsiblts for the decarboxylation is destroyed by 
mincing the tissue. Proper controls now show that oxaloa(;(4ate, in bicarbonate 
m(‘dium at 7*4 and 38'', decomposes rapidly at about the samt^ rate in the 
absence of tissu(> as in its pr(*senco. The misleading results with minced tissue are 
accounted for mainly by the greater dry wcught of tissue used, which, divided 
into the COg evolved, gave a lower . Low COg evolutions were also obtained 
probably because during the extremely hot weather when the experiments were 
made th(^ neutralised oxaloacetate had decomposed considerably while standing. 
Further, the minced tissue seems to inhibit the autodecomposition of oxalo- 
acetatc^ slightly. Table IV shows the results of anaerobic experiments with 


Table IV. Anaerobic experiments with kidney tissue. 


Tissue 

Substrate 

pi 00.^ 
evolved 
in 90 
min. 



^LA 

^Koto 


Glucose absent: 
Hat kidney cor- 

None 

0 

0 

0 

+ M 

-0-2 

-t 0-45 (0 ^1) 

tex slices 

>> 

Pyruvate 

22 

1*3 

- 0-2 

1 2-1 

-4-1 

+ 0-5 

»♦ 

Oxaloacetate 

322 

1.5-2 

-13 8 

•f 1-7 

-3-0 

+ (l-4 (9^1) 

Blank 

Oxaloacetate 

324 

— 


— 

— 


Glucose present: 
Blank 

Oxaloacetate 

343 


(363 pi) 



_ 

Babbit kidney 

Oxaloacetate 

2.’>3 

7-0 

- 1-0 

— 

— 

— 

cortex slices 
Babbit kidney 

Oxaloacetate 

189 

1-6 

- 0-7 







mince 

Glucose present: 
Rabbit kidney 

Oxaloacel ate 

203 

2-6 

-1-2 




mince 

Babbit kidney 

Oxaloacetate 

.321 

0-7 

-1 0-9 







cortex slices 
Blank 

Oxaloacetate 

297 



(-296 pi) 







oxaloacetate and pyruvate. Oxaloac(date apparently gives a high Qco^ 
blank shows that COg is evolved at the same rate in the absence of tissue. In the 
two sets of experiments with rabbit tissue it is seen that sjX)ntaneous decomposi- 
tion can account for the whole of the C^Og evolved by oxaloacetate, in spite of the 
fact that greater amounts of tissue were used than previously (which explains 
the lower Qqq ). In each case with mince (0*35 and 0*30 ml. of tissue) the COg 
evolved was low, even though in one case the mince experiment was the first to 
be set up after neutralising the oxaloacetic acid. (The experiments are shown in 
Table IV in the order in which they were started.) In the presence of glucose, the 
negative is lower because the anaerobic glycolysis of the tissue compensates 
for the loss of acid groups from oxaloacetate. With rat kidney slices the table 
shows that, anaerobically, pyruvate suffers only a slight decomposition with 
production of a little COg and some reduction to lactate, the disappearance of 
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keto-body accounting for both. Estimating acetaldehyde as described in the 
first section, there was an apparent trace formed but this trace was also found in 
the absence of tissue. It seems certain that the decarboxylation of pyruvate is 
negligible and that no acetaldehyde accumulates. In calculating the Q values, 
the mean of the dry weights of tissue found in the left- and right-hand vessels 
was used, since kidney tissue in the right-hand vessel aft€*r an anaerobic experi- 
ment often weighs less than half of that in the left-hand vessel where disintegra- 
tion has been checked by early acidification. The previous paper showed that 
jS-hydroxy butyrate had practically no effect on the metabolism of rabbit kidney. 
With rat kidney we find that this acid is oxidised to some extent as is indicated 
by an increased oxygen uptake and some disappearance of acid. In Table V we 


Table V. Kidney cortex with ^-hydroxyhutyrate. No glucose. 


Tissue 

Substrate 

~ ^*>2 

B.Q. 

Qx 



Q\h\ 

Rat kidney 

No addition 

170 

0-77 

-0-4 

0-0 

0*0 

0*0 

cortex 

d/-/3-Hydroxybutyrate 0 04 N 

21-4 

0-78 

-3-0 

-01 

0-0 

4-2*9 

Rabbit kid- 

No addition 

132 

0-7.5 

-h 0-4 

+ 01 

~01 

00 

ney cortex 

//Z-j9-Hydroxybutyrate 0 04 N 

13-7 

0-74 

+ 0-2 

+ 0-1 

0-0 

■1 2*4 


show these results together with a new experiment with rabbit kidney confirming 
the previous results. Another correction to the former paper is necessary here. 
Realising that small amounts of acetaldehyde foi ination would not apjjreciably 
affect the manometers but would affect the lactate determinations, acetaldehyde 
was estimated in the experiments with j8-hydroxy butyrate according to the 
method described above. It was found that with rabbit and rat kidneys there 
was some acetaldehyde (or acetoacetic acid or acetone) formed but no lactat(‘. 

Tumour tissue. The experiments described below were done mostly with the 
Philadelphia No. 1 Rat Sarcoma described by Riiepor [Waldschmidt-Leitz et al.., 
1933]. A set of experiments with the Walker No. 250 Carcinoma is also shown. 
The tumours were taken 16-28 days after implantation and thost' uHf*d were either 
free of necrosis or had necrotic speckles fairly (evenly distributed. As the slicu's 
were cut they wwe dropped serially into four small beakers containing the Krebs 
medium witli Og/COg bubbling through, so that using slices from one beaker for 
each manometer, the manometers each had a reasonably fair sample of tissue. 
To minimise the amount of lactic acid introduced into the vessels with the tissue, 
the tumour slices were kept in glucose-free Krebs medium until th(\y wcire to be 
used. After rinsing in bicarbonate-free Ringer solution and weighing, they were 
put back int o Ringer solution ; the slices for both vessels of one manometer were 
then drained and introduced into the two vessels simultaneously so that the left- 
and right-hand vessels started as nearly as possibk^ under the same conditions. 
The experiments showed that keeping the slh^es in the absence of glucose did not 
affect their subsequent behaviour with glucose. It may be mentioned that the 
ratio wet weight/dry weight of these tumours is high, being between 8 and 9. 

Table VI shows the results of duplicate experiments with Phila. No. 1 tumour 
tissue. It is seen that good agreement in the Qq^ and b.q. is obtained. The figures 

glycolysis do not agree quite so well. The lactate formation does not account 
completely for the acid formed ; this has been found fairly consistently and indi- 
cat(^8 that aerobically some acid body other than lactate is also formed in small 
amount, and, as will be seen, this is probably succinate. To make sure that we 
w^ere losing no lactate by incomplete extraction of the tissues, we have estimated 
the lactate in the last wash-water and in the undried tissue itself after grinding it 
up thoroughly with sand and deproteinising the extract. Not more than 0-04 mg. 
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Table VI. Duplicate aerobic experiments with tumour (Phila. No. 1) tissue. 


Dry wt. 


Glucose 

mg. 


R.Q. 

<>A 

^LA 

Qv^t 

Present 

260 

10*2 

0*88 

14*7 

13-6 

0-0 


22:1 

100 

0-90 

16-5 

154 

-0-2 

Present 

25-6 

10-8 

0-81 

13*8 

11-6 

+ 04 


22-9 

100 

0-84 

13*7 

12-9 

0-0 

Absent 

26*4 

11-3 

0-79 

- 0-6 

f 01 

00 


29-9 

11*6 

0-81 

- 0-9 

+ 01 

00 


lactate, corresponding to = 0*25, was found in either. In the anaerobic experi- 

ments, of which one example is shown in Table VIII, the lactate found was rather 
more than enough to account for the acid formation. The experimental period 
was in all cases 90 min. as with other tissues; the curve of tJie movement of the 
manometer fluid was quite linear in the absence of glucose, wliilst in the presence 
of glucose, there was in all experiments a slight steady falling off in the rate of 
movement throughout the period. 

In Tables VI 1 to X are shown the (iffects of tlu^ various substances under 
consideration on the metabolism of tumour slices in the presence and absence of 

Table VII. Philadelphia No, 1 Sarcoma. Glucose absent. 

Aerobic Total glycogen 

mg. 

A 

f N 

Experi- 
Control mental 


iSubstrato 

-Qo, 

R.Q. 


QiuJi. 



vessel 

vessel 

Xo addition 

12 I 

0*84 

~1*0 

0*0 

— 

— 

— 

— — 

dl- Lactate 

11-2 

0*84 

-1*7 

-1*4 

— 

— 

— 

— 

No addition 

13-6 

0 74 

+ 0*3 

0*0 

-0*3 

— 

0*24 

0*24 0*0 

dZ-Lactate 

13*2 

0*80 

-2*6 

-2*3 

+ 0*7 

— 

0*33 

0*33 0*0 

Pyruvate 

12-8 

1-08 

-^1 3 

+ 3*0 

-90 

— 

0*38 

0*36 -0*1 

iSuccinate 

13-8 

0*70 

+ 0 4 

(+0*2) 

0*0 

— 

— 

— 

No addition 

1-1 I 

0*76 

+ 0*6 

-0*0 

0*0 

— 


— — 

Eumarate 

12-2 

0*65? 

+ 1*8? 

(+4*2) 

0*0 

— 

— 

— 

Z-Malate 

13*3 

0*73 

+ 0*2 

(-1*7) 

0*0 

— 

— 

— 

Oxaloa< rotate 

13-5 

1*52 

-9*2 

2*7 

- 7*0 

— 

— 

— 

No addition 

130 

0 80 

-0*5 

0*0 

0*0 

— 

— 

— — 

Succinate 

12-5 

0*74 

- 0*9 

( ^ 0*3) 

1 0*2 

— 

— 

— 

Fumarate 

120 

0*80 

~0*4 

( 1 4*4) 

-0*3 

— 

— 

— — 

No addition 

11-5 

0*78 

+ 0*1 

0*0 

-0*1 

0*0 

— 

— — 

/-Malate 

12 1 

0*81 

-1*8 

(-1*0) 

+ 0*4 

0*0 

- - 

— — 

Oxaloacctate 

14-2 

1*35 

-7*2 

+ 1*6 

-6*2 

0*0 

-- 

— — 

No addition 

12-5 

0*78 

~0*3 

-0*4 

4 0*1 

— 

— 

— — 

Acetate 

J3-6 

0*80 

-0*3 

0*0 

0*0 

— 

— 

— — 

Formate 

J2-6 

0*75 

+ 0*0 

+ 0*2 

0*2 


— 

— — 

/3-Hydroxybutyrate 

13*6 

0*70 

0*0 

-0*4 

-0*3 

■f 0*8 

— 

— 

No addition 

11*5 

0*80 

-0 4 

+ 0*4 

+ 0*1 

— 

— 

— — 

Acetate 

11-9 

0*83 

-0*8 

i4)l 

0*0 

— 

— 

— — 

Formate 

10*5 

0*81 

-0*8 

+ 0 3 

0*0 

— 

— 

— — 

/S-Hydroxybutyratc 

10*7 

0*81 

-0*9 

-0*1 

0*0 

+ 0*2 

— 

— — 




Anaerobic 





Substrate 


Qc02 


Qih 

^LA 


Qkh ) 


No addition 


02 


+ 1*5 

4 0*8 


+ 0*2 

+ 0*1 

Pyruvate 


1*7 


+ 2*0 

+ 3*2 


-4*0 

+ 0 1 

Oxaloacetate (238 /al) 

9*0 


-6 1 

+ 3*7 


-3*7 

+ 0 1 

Blank oxaloacetate (^K) fd) 

— 


— 

0*0 


0*0 

— 
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Table VIII. Philadelphia No. 1 Sarcoma. Glucose present. 

Aerobic Total glycogen 

mg. 

Experi- 
Control mental 


Substrate 

-Q 02 

K.Q. 

Qk 

Qlk 

^Keto QaUI 

vessel 

vessel 

^PS 

No addition 

9-9 

1*02 

+ 12*5 

I-11-3 

0*0 — 

0*47 

0*34 

- 1*0 

dZ-Lactai.e 

9*8 

0*97 

+ 9*8 

^ 11*9 

+ 0*4 — 

0*51 

0*39 

-> 0*8 

Pyruvate 

10-3 

1*28 

-f 8*5 

-t- 13*4 

_ 7*0 — 

0*41 

0*52 

+ 0*7 

No addition 

121 

0*83 

-I-161 

+ 13*0 

0*0 

0*09 

0*14 

+ 0-4 

dMjactate 

11*2 

0*90 

+ 13*2 

t 12*3 

- 0.4 

0 * 0 t) 

0*09 

0*0 

Pyruvate 

11*0 

1*06 

4 7*5 

+ 9*4 

- 6*6 +0*15 

0*09 

0*14 

+ 0*4 

Succinate 

11*2 

0*84 

+ 14*7 

( 4 14*9) 

^ 0.7 

— 

— 

— 

No addition 

12*4 

0-83 

^ HV7 

+ 14*6 

00 

— 

— 

— 

Fumarate 

10*0 

0*80 

+ 13*0 

( 4- 13*8) 

0*0 — 

— 

— 

— 

Z*Malate 

9*3 

0*84 

4 - 12*2 

( + 11 * 1 ) 

0*0 

— 

— 


Oxaloacetatc 

11*3 

1*71 

+ 5*2 

+ 17*1 

~ — 

— 

— 


No addition 

11*4 

0*81 

+ 17*3 

+ 14*8 

0*0 + 0-3 

— 

— 

— 

Succinate 

14*1 

0*74 

4 - 14*6 

( + 15 * 1 ) 

- 0*4 ^ 0*3 

— 

— 

__ 

Fumarate 

100 

0*83 

+ 14*5 

( + 14 * 5 ) 

- 0*3 4 0*2 

-- 

— 

— 

No addition 

12*7 

0-76 

4 - 15*8 

+ 14*5 

0*0 0*0 


— 

— 

Z-Malato 

11*0 

0*82 

+ 12*8 

( 4 12 * 2 ) 

0*0 0*0 


— 

-- 

Oxaloacetatc 

10*4 

1*63 

+ 5*2 

4 15*9 

- 5*3 0*0 


— 






Anaerobic 





Substrate 


^coa 


Qx 




©Aid 

No addition 


0*0 

4 - 23*4 

4 25*0 

0*0 


0*0 

Pyruvate 


0*8 

4 - 20*5 

+ 24*3 

- 4*6 


0*0 

Oxaloacotat© 


10*0 

-f 14 7 

4 - 27*7 

-3 7 


0*0 

Table IX. Walker No. 256 Carcinoma. Glucose absent. 






Aerobic 





Substrate 

“Coa 

R.Q. 


^LA 



Qaui 

No addition 

11*5 


0*82 

- 0*7 

0*0 

- 0*2 


0*0 

d/- Lactate 

11*5 


0*82 

- 1*5 

- 0*9 

+ 1*0 


— 

Pyruvate 

13*1 


1*04 

- 1*2 

+ 3*0 

- 7*5 


+ 0*2 

Succinate 

11*0 


0*80 

- 0*9 

+ 0*1 

0*0 


— 

No addition 

11*7 


0*78 

+ 0*1 

0*0 

+ 0*2 



Fumarate 

• 12*0 


0*80 

- 0 2 

(+ 2 * 3 ) 

0*3 



/‘Malate 

10*8 


0*82 

- 0*8 

(- 2 * 4 ) 

+ 0*2 


— 

Oxaloacetate 

12*3 


1*85 

- 11*7 

+ 3*1 

-6*2 


— 


Table X. Minced Philadelphia No. 1 Sarco'ma. 



Substrate 

“^Oa 


^LA 

QkoU^ 

Glucose present 

No addition 

0*81 

+ 2*3 

+ 1*9 

+ 0*2 

Glucose absent 

No addition 

1*03 

+ 0*8 

-0*2 

-0*1 

Glucose absent 

Pyruvate 

Succinate 

0*81 

+ M 

+ 0*3 

-0*6 

Glucose absent 

1*13 

+ 0*7 

( + 0*6) 

0*0 


Note. The metabolism was too small to give a reliable measure of the r.q. 


glucose. The experiments shown are representative and only when similar* experi- 
ments have differed in some detail has more than one example of an experiment 
been entered. The effects of the presence of various substrates are more clearly 
seen in the experiments in the absence of glucose than in its presence since the 
high glycolysis in the latter case makes variations in and more difBcult 
to assess. Studying Tables VII and IX therefore we see that lactate is meta- 
bolised to a slight extent only and does not increase the oxygen uptake. With 
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succinate, fumarate and mala-te, we find a very striking difTerence between the 
behaviours of tumour and kidney tissue. Tlie tables show that i.iimour is almost 
completely unable to metabolise these substances. There is no disappearance of 
acid, no increase in oxygen uptake' and no significant change in the p.q. The 
enzyme fumarase, which establishes an equilibrium between fumarate and 
malate, seems to be present however since, as judged by the ‘Tactic acid^* esti- 
mation, there is an increase in malate when fumarat(‘ is added, and a decrease 
when malate itself is added. 

The case ol pyruvic acid is inb'resting. Here there is a definite removal of 
pyruvate = — 9). Part of this has bccui reduced back to lactatt' as with 

kidney, but the main amount has been otherwise dealt with, yet th(‘re is only a 
slight disappearance of acid groups. It seems clear tliat pyruvate has been 
oxidised to succinate and no further. The raised r.q. is compatible with this 
conclusion since the oxidation of pyruvic acid to succinic acid has a COg/Og 
quotient of 1 -33. There is indeed not always an increase in the Og uptakes but this 
is readily (explained by the sparing of other oxidations. Therc^ is no glycogen 
formation, and production of other carbohydrate is unlikely since so little acid 
has disappeared. This b(*haviour of pyruvic acid with tumour is of importance, 
since, whilst we have fairly direct evidence for the other 8t(‘])8 in the cycle, this 
is the first clear indication which we have obtained of th(' transformation of 
pyruvate into succinate. i)ickens and v^imer [1030] observed the effect of pyruvate 
in raising the k.q. of tumour tissiu' and believed that this indicated oxidation of 
pyruvate in the normal manner. The fact that the acid disappc'arance does not 
corrijspond with the koto-removal sliows that this is not so. The results with 
added oxaloacetate are what would be expected. Th(' very high ii.Q. and the acid 
disappearance are largely du(' to autodecomposition of oxaloacetate to pjTuvate. 
But, as with added pyruvate, there' is also a considerable removal of keto-body 
and a small reduction to lactate. The results shown in Tables YH and IX are 
very similar, showing that sarcoma and carcinoma have the same defects in their 
metabolism. In anaerobic experiments, tumour tissue shows no striking dif- 
ferences from kidney. As with kidney there is possibly a trace of decarboxylation 
of pyruvic acid but most of the keto-body disappearing is reduced to lactate. No 
acetaldehyde formation is detectable. Oxaloacetate clecomposeH to pyruvatcj at 
about the same rate in the absence of tumour tissue as in its pnisence. It may be 
mentioned that tumour slices do not disintegrate anaerobically as kidney slices 
do. 

Study of Table ATII shows quite clearly tliat all the points discussed above 
hold true when glucose is present, if account is taken of the large lactic acid 
formation. 

Meiklcjohn ei al. [1932] have shown that vitamin is concerned in the 
oxidation of lactic acid by avian brain tissue. We therefore tried a set of exjieri- 
ments with tumour tissue with 0-5 mg. of a vitamin Bj concentrate^ present in 
the 3 ml. of medium. No effect whatev(»r was observed on respiration, glycolysis 
or metabolism of succinate or malate. Boyland [1933] showed that the respira- 
tion of Jensen rat sarcoma in the presence of lactate is not incnuisecl by vitamin 

Bi. 

Included in Table VII are examples of experiments with formate, ^-hydi’oxy- 
butyrate and acetate. The previous paper showed that formate has no effect on 
the 'metabolism of rabbit kidney, and it is seen that the same is true for tumour 
tissue. j5-Hydroxybut3rrate scarcely affected the metabolism and acetate in- 
creased the bg uptake only slightly without appreciable acid disappearance. It 
1 Obtained from Dr R. R. Williams of the Bell Telephone Laboratories. 
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is possible that acetate is normally oxidised first to succinate which is not further 
oxidised by tumour. This step might constitute a general point of confluence of 
fat and carbohydrate metabolism in cells. 

In Table X are shown some experiments with minced tumour. They illustrate 
the well-known almost complete destruction of the respiratory and glycolytic 
mechanisms of tumour on mincing [Barr et aZ., 1928]. It is also seen that the 
metabolism of pyruvate, which is shown above to appear in slices, is almost 
entirely stopped by mincing. In the previous paper it was shown that in minced 
kidney the succinic dehydrogenase remained very active. The fact that we find 
only a slight increase in respiration with succinate added to minced tumour is 
therefore further proof that tumour tissue is almost devoid of the mechanism for 
the oxidation of succinate. 

Discussion. 

The results with rat kidney illustrate perhaps more clearly than those ob- 
tained with rabbit kidney [Elliott and Schroeder, 1 934] that the main course of 
the metabolism of lactic acid in these normal tissues consists first in an oxidation 
to pyruvic acid, the pynivate then being removed by a cyclic series of reactions 
whereby it is converted successively into succinate, funiarate, malate, oxalo- 
acetate and pyruvate again in half the original amount. With rabbit kidney, it 
was necessary to assume that part of tlu^ succinate, fumarate and malate removed 
underwent some other change involving loss of acidity but not complete oxida- 
tion. The sam(‘ applies to pyruvat<‘ with rat kidney, but with this tissue the 
oxygen uptake is sufficient to account for complete oxidat ion of the other com- 
pounds if we assume that practically no other substances are being oxidised at 
the same time. There is no obvious reason why this should not be possible. The 
dehydrases involved may be present in such high concentrations that, when 
saturated with their substrates, they are capable of excluding by competition the 
reduction of the cytochrome, yellow pigment and other intermediaries of tissue 
respiration, by other enzymes and their substrates. They would thus sc^cure to 
their substrates nearly the whole of the oxygen made available by these mechan- 
isms. Nevertheless it seems possible that, even with rat kidney, a part of the 
succinic, fumaric or malic acid removed undergoes an unknown change. 

The majority of tissues which form lactic acid in the absence of oxygen show 
little acjcumulation of this substance in the presence; of oxygen. It is believed 
that this is explained partly by an oxidative inhibition of the glycolytic 
mechanism I see e.q. Lipmann, 1933] and partly by oxidation of thi^ lactate as it is 
formed [Krebs, 1931]. 

The high rate of accumulation of lactic acid in experiments with tumour 
tissue would be the resultant of the rates at whi(;h the acid is formed and 
removed. There is no doubt that in tumour lactate is formed at an unusually high 
rate anaerobically and that inhibition of the glycolytic mechanism by oxygen is 
not complete, but the work described above shows that the accumulation of 
lactic acid can be explained in part at least by a failure in the oxidation processes. 
The cycle of reactions we are considering is active in muscle [Needham, 1932] 
and in kidney, and future papers of this series will show whether it is significant 
in other tissues. Meanwhile, we see that two, and possibly three, of the oxidative 
mechanisms are not active in tumours. These are succinic and malic oxidases and 
possibly la(*tic oxidase since so little lactate is removed, even though the next 
step, pyruvate to succinate, seems to occur at a fair rate. The transformation of 
normal tissue to the malignant habit, then, seems to involve, among other things, 
the loss of function of these enzymes. It should be pointed out that the mechan- 
isms lost on destroying the tissue stmeture of kidney by mincing [Elliott and 
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Schroeder, 1934], namely lactic, pyruvic and malic oxidases, are not the same 
as those missing from tumour tissue, since tumour slices appear to possess pyruvic 
oxidase and lack succinic oxidase. According to Barron [1932], slices of various 
strains of rat tumour, including the Walker No. 256, do possess a succinic de- 
hydrogenase, judging by experiments on the anaerobic reduction of methylene 
blue. If this is so, it appears that the failure of tumours to oxidise suc(*inate and 
perhaps also malate and lactate aerobically depends on the absence of some 
intermediary catalyst, such as cytochrome f>r the yellow pigment (flavo -protein) 
of Warbiirg and Christian [1932]. Cytochrome does not appear to be lacking in 
tumours [Yaoi et al., 1928; Bierich and Rosenbohm, 1926], but Cyorgy et aL 
[1934] have shown that the growth-promoting vitamin Bg, which has been 
identified with flavin [Gydrgy et al., 1933], is present in very low concentration in 
tumours whilst it is high in liver and kidney. Euler and Adler [1934] have found 
the same distribution for flavins themstdves. Nevertheless, flavo-protein appears 
not to catalyse the oxidation of succinate to fumarate [ Wagner- Jauregg et al., 
1934, 1 ; Adler and Euler, 1935] and is therefore not nc^eessary for this reaction. 
But Wagner- Jauregg et al. [1934, 2] showed that the yellow pigment is necessary 
for the anaerobic oxidation of malate and lactate with methylene blue. The 
lactic and malic dehydrogenas(‘S of heart muscle are apparently identical and 
both need activation by a coenzyme whilst the succinic dehydrogenase does not 
[Boyland and Boyland, 1934; Andersson, 1934] . Lai^k of enzyme, coenzyme or 
flavin might therefore explain the failure of tumours to oxidise la(?tate or malate. 
The failure in respect to succinate seems to n^quirc some other explanation. 

Szent-Gyorgyi [1935; Gbzs}^ and Szent-Oyorgyi, 1934] has recently stated 
that the nversible systems, succinate fumarate, and malat(i hydroxy- 
fumarate (oxaloacetate), ocinipy a central position as carrier catalysts for tissue 
respiration in general. We would agree in the importanci^ of tlu'se reactions, but 
only as stages in the UK'tabolic breakdown of carbohydrate via p^>Tuvate, and 
perhaps in the metabolism of fat via ac(^/tate and suc^cinate. Ajiart from the facts 
that Szent-Gyorgyi us(‘d abnormal material (minced tissue) for his work, and 
gave no proof of the actual reversion of the reactions during normal activity, we 
would point out that tumour represents a tissue which respires at a rate corre- 
sponding to that of liver, but in which a mechanism resjionsible for ea(;h of his 
postulated key reactions is missing. 

Summary. 

1. Following the methods of Elliott and Schroeder [1934] with some im- 
provements, a study has been made of the metabolism of lactic and i\yruvic 
acids and of various other compounds by rat kidiu^y cortex and by two types of 
tumours. 

2. A method is described for avoiding a source of error in th(^ Clift and (>ook 
[1932] method for estimating pyruvic acid. Notes on the interfertmee of glucose 
in this method are also given and the application of the method to oxaloacetate 
is described. 

3. The previous paper showed that, in rabbit kidn(»y, lactate is reversibly 
oxidised to pyruvate, which substance is removed mainly by a cycle of reactions 
involving the successive formation of succinate, fumarati?, malate*, oxaloacetate 
and finally pyruvate in half the original amount. This cycle is (hmionstratcd more 
clearly with rat kidney. It is indicated that some pyruvic acid and possibly some 
of the other acids are removed by this tissue by a method which does not involve 
complete oxidation. 
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4. Oxaloacetic acid decomposes rapidly to pjTUvic acid at 37° in neutral 
solution. Contrary to the statement in the previous paper, this reaction is not 
catalysed by kidney. 

5 . Acetate and ^-hydroxy butyrate are oxidised to some extent by rat kidney. 
No lactate is formed from j8-hydroxybutyrate ; the apparent traces of lactate 
observed in the previous paper were due to acetoacetic acid, acetone or acetalde- 
hyde affecting the lactate estimation. 

(). With two types of tumour it is shown that the cycle of reactions mentioned 
above does not occur. Mechanisms responsible for two of the reactions are 
lacking, namely the oxidation of succinatt* to fiimarate and the oxidation of 
malate to oxaloacetate. The oxidation of lactate to pyruvate also seems defec- 
tive. On the other hand, the oxidation of pyruvate to succinate can proceed, and 
the establishment of an equilibrium be^tween fumarate and malate does occur. 
These results are discussed in relation to the findings of other workers on 
enzymes and pigments in tumours. 

7. Acetate and /S-hydroxy butyrate are oxidised by tumours only to a slight 
extent. 
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CCXXX. METABOLISM OF AMINO-ACIDS. 

IV. THE SYNTHESIS OF GLUTAMINE FROM GLUTAMIC 
ACID AND AMMONIA, AND THE ENZYMIC HYDROLYSIS 
OF GLUTAMINE IN ANIMAL TISSUES. 

By HANS ADOLF KREBS. 

From the Biochemical Laboratory, Cambridge, 

(Received June 29th, 1935.) 

1. Oxidation o/ 1 ( -f )~glutamic acid without formation of ammoiiia. 

The starting-point of this investigation was the observation that glutamic acid 
behaves difl'eroutly from all the other a-amino-acids in guinea-pig and rabbit 
kidneys, in that, although it increases the oxygen uptake even more than any 
r)ther amino-aoid of the /-series, in most eases it actually diminishes ammonia 
formation. In guinea-pig kidney, the oxygen uptake is increascid about 100-150% 
(Table 1) wliilst in most experiments no ammonia at all is detectable in the 
presence of /( + )-ghitainic acid [Krebs, 1933, 2J^. 

Table I. Oxygen uptake and> ammonia formation in the 



pr^rnencc of \( + )-gluiamic acid. 






With /( -h )-glutamic acid 


Without substrate 


(jV//6(») 

Tissue 

^03 


Qo, 


FCidney, guinea-pig 

16-8 

1-20 

2r>*7 

-0 


14 b 

OS2 

:{5-8 

-0 


141 

<)•})(» 

30*9 

018 

Kidney, rabbit 

14-8 

<)-S>2 

35*5 

0*67 

i:b8 

0-37 

23-4 

0 40 


However, if guin(ui-pig kidn(\y is poisoned with ars(mious oxid(*, ammonia is 
formed fi*om glutamic acid (I'able 11). This could be cxplaint'd by assuming that 
ammonia is formed in a primary reaction but disappears in a secondary reaction, 
the latter being inhibited by arsonious oxide. Experiments were therefore set 
up to see whether ammonia reacts in the expected way if it is added to kidney. 


Table II. Influence ofAs^Oj on ammonia formation in guinea-pig kidney. 


Without substrate 


Concentration 

^ 

A 

^ 

of AsgOj 

Qo.i 



0 

16*8 


1*20 

Jf/6000 

i/8'5 


M8 

0 

14-6 


0*82 

if/1000 

6*1 


1-41 


With l( “} )->?lutamic acid 
(J//50) 

A - 


Qo, 


26*7 

-0 

10*2 

2*30 

36*8 

-0 

6*4 

2*00 


In muscle,. tCM>, glutamic acid causes an increase in oxygen uptake without influencing 
ammonia formation (D. M. Needham). This however is an effect different from that in kidney. 

( 1961 ) 
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2. Disappearance of ammonia from kidney in the presence of glutamic acid. 

If ammoiiium salts are added to guinea-pig or rabbit kidney in the presence 
of Z(4-)-glutamic acid, the ammonia disappears from the solution (Table III, 
Fig. 1), 11-79 mg. kidney, for instance, removed 95 /xl. of ammonia in 30 mins., 

being —16*1. Similar figures were obtained with rabbit 

kidney (Table V). The rate of disappearance of ammonia is even higher than 
the rate of synthesis of urea in liver under average conditions. 

Table III. Disappearance of ammonia from guinea-pig kidney, 

11*79 mg. kidney in 2 ml. phosphate saline containing l{ +)‘glutamic acid 
and 166^1. NHa; 37*5'’; O,. 


Time 

Ammonia present in 2 ml. 

Ammonia used 

mins. 

Ml* 

Ml. 

0 

166 

— 

30 

71 

95 

60 

14 

J.^)2 

90 

0 

166 



Fig. 1, Disappearance of ammonia in the presence of Z( -f )-glutamio acid 
(guinea-pig kidney). 

No ammonia disappears from kidney in the absence of Z ( -f ) -glutamic acid; 
in the presence of amino-acids such as <Z( — ) -glutamic acid, aspartic acid, 
)3-hydroxyglutamic acid and numerous others the concentration of added 
ammonia is either unchanged or increased on account of deamination. The 
only two nitrogenous substances which behave similarly to glutamic acid are 
proline and hydroxy proline. The metabolism of these two substances will be 
dealt with in the next paper of this series. 

In the presence of lactate or pyruvate, small quantities of ammonia can be 
utilised by kidney as shown in Table IV ; the amount however is only 5-8 % 
of that which disappears in the presence of glutamic acid. 
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Table IV . Disappejirance of ammonia from guinea-pig kidney in the 
presence of lactate avid pyruvate. 


NH 3 per flask 

\ 


Substrate added 

mg. tissue 

At 

start 

After 

60 min. 

NH 3 used 
jul. 


dZ-Lactate (3//50) 

10-64 

86 

740 

12-0 

-1-13 

Pyruvate (Mj 50) 

10-.32 

86 

7.3-9 

12-1 

-M7 


3. Formation of amide-nitrogen in kidney. 

If the solution froin which ammonia has disappeared in the presence of 
glu^mic acid is heated for 5 min. with 5 % sulphuric acid, the ammonia appears 
again in the solution (Table V). Amino-acids or amino-purines do not split 


Table V. Disappearance of ammonia and formation of 
amide-nitrogen in kidney. 


Phoapbate saline; 3//50 /( +) -glutamic acid. 


Tissue 

Guinea-pig 

kidney 

Babbit kidney 


Dura- 


Dry wt. 

NH 3 

tion of 

Nllg 

of tissue 

added 

exp. 

at cikI 

mg. 

fil 

min. 

/^l- 

11-79 

166 

SO 

71 

18-82 

202 

20 

21 

7-66 

232 

60 

38 

1500 

232 

60 

53 

9-33 

224 

80 

70 

9-87 

218 

60 

25 


Change Amide- N 

NII 3 found 


m 1 - 



^AJnl(U-V 

- 95 

-16-1 

124 

+ 21-0 

- 181 

-28-8 

191 

+ 30-4 

- 194 

-2.5-3 

222 

+ 29-0 

-179 

- 12-0 

187 

+ 13-9 

-1.54 

-12-4 

186 

+ 14-9 

- 193 

- 19-5 

236 

4 24-0 


off ammonia when heated for 5 min. in dilute acid, whereas acid amides are 
hydrolysed by hot dilute acid [Sachsse, 1873]. Asparagine requires heating for 
one hour, whereas glutamine is completely hydrolysed within 5 min. by 5% 
sulphuric acid at lOO"^ (Table VI). We may therefore conclude that the kidney 
tissue has converted ammonium glutamate into glutamine. 

The amount of glutamine formed is usually somewhat larger than the amount 
of ammonia which disappears (Table V). The source of the excess of amide- 
nitrogen is ammonia formed by deamination of the glutamic acid. Whilst one 
part of the added glutami(j acid is deaminated, another part miites with the 
ammonia in the synthesis of glutamine. 


Table VI. Acid hydrolysis of acid amides. 


0 005 M amide heated with G % (final concentration) sulphuric acid at 100°. 
Galculatod for complete splitting 112/xl. NHg per nil. 



Time of heating 

NH 3 formed (/ 4 I.) 

Amide 

mm. 

jKjr 1 ml. 

Glutamine 

2 

91-5 


4 

111-5 


8 

113-0 

Asparagine 

5 

26-0 

Urea 

6 

0 


% splitting 

82 

99-6 

100-9 

23-2 

0 


4, Formation of glutamine in various tissues. 

In the kidneys of guinea-pig and rabbit synthesis of glutamine proceeds more 
rapidly than deamination of glutamic acid; thus no free ammonia but only 
glutamine accumulates in these kidneys after addition of glutamic acid 

Bioohem. 1936 xxix 
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(Table VIT). Kidneys of rat and sheep deaminate more quickly than they form 
glutamine, and ammonia and glutamine appear in the solution simultaneously. 
Added ammonia does not disappear in these cases, the tissue being alreadj^ 
saturated with ammonia from deamination. On the other hand no amide- 
nitrogen is formed in the kidneys of pig, dog or eat if glutamic acid and am- 
monia are present. 


Table VII. Formation of glutamine in kidney cortex of various mammals. 


T'iss lie 

No ammonia added. 

No glutamic acid added 

.. 

JV//r)0 /( + ) -glutamic acid 

A 

(kidney) 

Qo, 

QsUti 


Qo, 

4^NH8 


Guinea-pig 

14-5 

0-98 

0-20 

38-0 

0 

6-36 

Rabbit 

13S 

0-37 

1-38 

24*6 

0-40 

2-92 

Sheep 

13-9 

1-77 

0-68 

26-6 

3-11 

7-50 

Rat 

210 

2-90 

1-40 

43-2 

6 *(M1 

2-83 

Pig 

1(1-9 

1-80 

-0 

21-7 

2-23 

-0 

Cut 

1 (1-6 

1-57 

-->0 

24-4 

2-74 

-0 

Dog 

l*igeon 

21-3 

1-36 

-0 

27-2 

2-69 

-0 

18-2 

2-21 

-0 

26-4 

4-40 

-0 

Thus the 

system which syntlu 

ssises glutamine 

is not found in 

all kidneys, 

} it is found in the 

retina and c 

entral nervous 

system 

of all the 

verti'brates 


which have been investigated (various mammals, birds, tortoise, frog, trout (see 

Table \TII. Consumption of ammonia a>nd forynation of glutamine 
in brain cortex and retina. 


♦Solution: 3 ml. phosphate sahno; il//50 /( -)*glutamic acid; ili/30 glucose; 
37*5®, unless otherwise stated. 


Tissue 

Dry 

weight 

mg. 

Time 

min. 

Total amount of NH3 
in experimental 
solution (gl.) 

A 

At be- At the 
gj lining end 


NH„ 

found 

after 

acid 

hydrul. 

gl. 


Brain, guinea-pig 

8-59 

GO 

67-2 

26-4 

- 4-77 

39-4 

4-60 

13-08 

60 

80-0 

49-5 

- 2-34 

13 4 

J -03 

Ret ina, guinoa-pig 

3-57 

60 

67-2 

31-0 

~J0-] 

32-8 

9-20 

4-00 

60 

33*6 

1-6 

- 8-0 

29-0 

7-25 

Brain, pig 

18-82 

80 

33-6 

0 

— 

38-1 

, — 

Retina, pig 

20-00 

40 

33-6 

0 

— 

41-0 

— 

Brain, rat 

9-54 

120 

85-0 

28-6 

- 2-96 

44-4 

2-34 


7-50 

60 

85-0 

62-6 

- 2-99 

20-6 

2-74 

Retina, rat 

Retina, sheep 

2-58 

90 

66-0 

36-0 

- 7-75 

24-4 

6-30 

30-98 

120 

431*0 

48-0 

- 6-20 

227-0 

3-67 

21*45 

120 

448*0 

204-0 

- 5-70 

138-0 

3-22 

Brain, pigeon 

JM2 

80 

67*2 

20-6 

- 3-10 

61-5 

411 


6*43 

80 

67*2 

37 2 

- 3-49 

33-6 

3-93 

Retina, pigeon 

19-10 

80 

67-2 

5-0 

- 2-42 

61-0 

2-40 

7-82 

60 

165*0 

81 -0 

- 10-7 

88-0 

11-2 


9-00 

40 

89*6 

52-2 

- 6-23 

33-0 

5-50 


10-87 

40 

134-0 

68-2 

~ 9-12 

46-2 

6-35 

Retina, domeslie fowl 

14-70 

40 

131-0 

79-0 

~ 5-33 

49-0 

5-00 

J5raiii, frog (27"") 

9-16 

180 

39-0 

9-2 

- 1-08 

41-5 

1-51 

Retina, frog (27'^) 

6-09 

180 

39-0 

19-5 

~ 1-07 

32-5 

1-78 

Brain, tortoise (30“) 

17-34 

240 

68-5 

30-0 

- 0-55 

34-0 

0-49 

{T ait ado gtatxa) 

Retina, tortoise (30'") 

1-21 

240 

68-6 

24-5 

- 9-00 

42-5 

8-70 

{Testvdo graecn) 

Brain, trout (30'^) 

22*4 

60 

127-0 

950 

- J-44 

33-0 

1-47 

Retina, trout (30'') 

8-71 

60 

127*0 

260 

-11-7 

88*0 

10-1 
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Table VIII)). The retina of warm-blooded animals forms about 6-10 /ul. of 
amide-nitrogen per mg. or 5-7 % of its own dry weight of glutamine per hour. 
In brain eortex the rate is about a third of that in retina. 

Whilst in kidney, as mentioned earlier, the amount of amide-nitrogen formed 
is usually slightly higher than the amount of ammonia consumed, in brain and 
in retina the amount of ammonia which disappears is oftem greater than the 
amount of amide-nitrogen found. This will be fui'ther studied in section 10. 

No formation of amide -nitrogen from ammonium glutamate was detectable 
in the following tissues of the guinea-pig: kidney medulla, liver, spleen, testis, 
placenta, chorion, muscle, heart, salivary glands, panen^as, white matter of 
brain, red blood cells, small intestine; or in Jensen rat sarcoma, mice Crocker 
tumour, fowl tumour and pigeon blood. 

5. *S'omc pro'pdrlii's of the glukimine-synthesising system, 

A. Influence of p^^. The optimum for the synthesis of glutamine in 
guinea-pig kidney is 7*2 -7-4, as shown in Table TX and Fig. 2. 

Table IX. Influence, of pjj 07i the synthesis of glutamine, 

Olumea-pig kidney; .‘n-5 pu varied by varying tlie concentration of bicarbonate in the 
saline and th(' concentration of COg in the gas mixture. A'arioiia concentrations of bicarbonate 
were obtained by mixing 1 bicarbonate with bicarbonate -free saline. 41/50 /( + )-glulamic 
acid. Auirnoniiim chloride: 2 72 ^ 10“^ iV ; 3 ml. solution for each flask. 


Cone, of bicarbonate ( J/ ) 

0 155 

0-125 

0-0950 

0-0:i39 

00I3C 

0-00358 

0-00358 

Percentage of COgin the 

2*5 

5-0 

5-0 

5-0 

r>-o 

5-0 

20-0 

gas mixture 

Pn 

8‘5S 

8-19 

S-07 

7-62 

7-22 

6-64 

6-04 

mg. of kidney cortex 

7-23 

7-71 

9-20 

8-24 

5-57 

12-83 

10-21 

NH« at the beginning 

201 •() 

201-0 

201-0 

201-0 

201-0 

201-0 

201-0 

(/xl. |M‘r flask) 

NHo found after 

204-0 

148-5 

114-0 

105-5 

132-0 

100-0 

172-0 

40 rain, (/xl.) 

NHg used (/xl.) 

3-0 

- 53 5 

-87-0 

- 95-5 

- 69 0 

-101-0 

- 29-0 


-0-0 

- 10-4 

-14-2 

-17-4 

-18*6 

11 8 

-4-25 

Amide-N foiiml after 

3S-0 

50-5 

83-0 

123-0 

84-2 

J14-5 

42 4 

40 min. (/xl.) 


7-9 

11-0 

13-6 

22-4 

22-6 

13-4 

6-2 



Fig. 2. Influence of on the synthesis of glutamine (guinea-pig kidney). 

124r-2 
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B. Concentration of glutamic acid. It is only when the solution contains ex- 
cess of glutamic acid that ammonia reacts completely to form glutamine in ki^ey 
(Tables III and X). In brain or retina however no excess of glutamic acid is 

Table X. Influence of the concentration 0/1(4* )-glutamic acid on the 
synthesis of glutamine. 

Guinea-pig kidney ; 3 ml. phosphate saline : initial concentration of ammonium 
chloride 0-0014831; amount of tissue 4~6 mg.; time 80 min.; 37-5°. 


Concentration of 

1 ( 4 - )-glutamic acid 

M 

^02 



0 

11-5 

-I- 0-36 

1*67 

0-0033 

29-1 

-10-9 

8-80 

0-0066 

28-7 

- 16-0 

15-4 

0-022 

44-0 

-24-2 

260 


necessary ; if glutamic acid is added in small quantities and ammonia in excess, 
practically the whole of the glutamic acid is converted into glutamine. The 
amount of ammonia which disappears is approximately equivalent to the amount 
of glutamic acid present (Table XT). 

Table XI. Disappearance of ammonia in the presence of small amounts of 
1 (-\-)-glutamic acid and excess of ammonia. 

Sheep retina (about 30 mg. per experiment); 37-5®; 2 hours; 
bicarbonate saline with 0-3% glucose; 6% CO^in O 2 . 


Glutamic acid 
added 

NH 3 in the liquid (^ 1 .) 

.. A 

Change in NH* 

Total Nila 
consumed by 
the tissue, 
corrected 
for blank 

Amide -N 
found 

fxl. 

Initial 

Final 

pi. 

pi. 

pi. 

112 

35() 

264 

- 86 

104 

72 

224 

350 

140 

-210 

228 

158 

0 

0 

18 

+ 18 

— 

2 


C. Influence of glucose. The synthesis of glutamine in kidney is unaffected 
by glucose; in retina and brain however the rate of synthesis is very small in 
the absence of glucose. All the figures recorded in Table \^II were obtained 
in glucose- containing saline. Table XII shows some examples of the effect of 
glucose on the rate of glutamine synthesis in brain and retina. 

Table XII. Influence of glucose on the rate of disappearance of ammonia 
and rate of synthesis of glutamine. 

Experimental conditions as in Table Vlll. 


No glucose 3f/50 glucose 


Tissue 

{ 

QnHz 

©ArolfieN 

r 



^Amlile-N 

Retina, sheep 

-0-46 

+ 0-58 

-6-03 

+ 3-67 

Brain, rat 

-0-70 

+ 1-40 

-3-75 

+ 3-72 


D, Grinding and extracting. Ground kidney, suspended in 10 vols. of saline, 
does not synthesise glutamine. The synthesis is bound up with the structure 
of the cell, as might be expected since it requires energy. 

E. Relation to energy •giving reactions. In kidney, respiration is practically 
the only reaction which can provide energy for endothermic reactions. It would 
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therefore be expected that inhibition of respiration would inhibit the synthesis 
of glutamine. This is actually the case. Under strictly anaerobic conditions, 
glutamine is not synthesised in kidney. Hydrocyanic acid inhibits the glutamine 
synthesis approximately in the same degree as it inhibits respiration (Table XIII). 


Table XIII. Inhibition by hydrocyanic acid. 


Guinea-pig kidney; phosphate saline; 3//60 l( -f )-glutamic acid; 
MI4t00 ammonium chloride ► 37*5°. 

Concentration of 


HCN(ii/) 

0 

10-4 

Krs 


Qo, 
-440 
-17C> 
- 4-30 


- 24-2 

- 5-66 

- 31 


260 
6 65 
21 


Unlike kidney cortex, brain and retina possess a second very active energy- 
providing system, namely lactic acid fermentation. It seemed of interest to 
test whether lactic acid fermentation can provide the energy for the synthesis 
of glutamine. 30*7 mg. of brain cortex were shaken for 130 min. in bicarbonate 
saline solution (0*027 Jf bicarbonate, 0*02 Jf Z( + ) -glutamic acid, 0*0023/ am- 
monium chloride, 0*(X)2 M pyruvic acid, 5 % COg in Ng) under strictly anac'robic 
conditions (wet yellow phosphorus in the inner cup of the vessel). After 130 min. 
l()/al. amide- nitrogen were found in the solution. This corresponded approxi- 
mately to the preformed amide-nitrogen so that no synthesis of glutamine had 
occurred. 

lietinae of pig and pigeon however synthesise glutamine under strictly 
anaerobic conditions (Table XIV). In pig retina the rate of synthesis is smaller 

Table XIV. Synthesis of glutamine in retina under anaerobic conditions. 


J//50 l( + )-glutamic acid; 0*4 glucose; MJ 500 pyruvate; 3f /40 bicarbonate; 
5% CO2 in the gas mixture; 3 ml. solution. 


Animal 

Tissue 

mg. 

Conditions 

Time 

mins. 

Initial cone, 
of NH3 

M 

Amide-N 

found 

A^l- 

C^AiuUl«-N' 

Pig 

20-65 

Ng, phosphorus 

80 

0-002 

93-5 

2-78 

1 Pigeon 

8-03 

N* 

60 

0-CK)22 

68-0 

8-5 

7-82 


60 

0 0022 

88-0 

11-2 

f Pigeon 

10-29 

phosphorus 

40 

0-0012 

.30-2 

4-42 

1 » 

9-00 

Oa 

40 

0-0012 

33-0 

5-50 

) Pigeon 

9-56 

Ng, phosphorus 

40 

0-(H)18 

33-5 

5-25 

l 

10-87 

0, 

40 

0-0018 

46-2 

6-35 


anaerobically than aerobically whilst in pigeon retina no appreciable difference is 
found in oxygen and nitrogen. The respiration of pigeon retina is extremely 
small; in bicarbonate saline or serum there is no measurable respiration [Krebs, 
1927] (for technical reasons) whilst in phosphate saline a respiration of 7*5 is found 
(Table XV). The glycolysis of pigeon retina amounts to about 150. Pigeon 

Table XV. Respiration of pigeon retina. 

Phosphate saline; 0*4% glucose; 0*; inner cup; 0*3 ml. NaOH, 38°. 


Number 

1 7‘50 

2 6*88 

3 7*82 
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retina obtains its energy preferentially from the anaerobic lactic acid fermenta- 
tion and therefore it is not surprising that the synthesis of glutamine, as an 
energy-requiring reaction, does not depend on the presence of oxygen. Accord- 
ingly 10“^ Jf HCN does not inhibit the formation of ghitamine in pigeon retina. 

F. Inhibition by acid. If rf( — ) -glutamic acid and ammonia 

are added to kidney, no glutamine is formed. Racemic glutamic acid gives 
about half the yield of glutamine and half the increase in respiration given by 
?( + )-glutamic acid under the same conditions (Table XVI). This halving effect 


Table XVI. Inhibition of glutamine synthesis by &{ — yglutamic acid. 


Guinea-pijr kidney; phosphate saline; 37'5"'’. 


Rnbsirati's added (final concentrations) 

/( + )-Glutainic acid (iV//80); XH 4 CI {M/im) 

(//-Glutamic acid (j1//40); NH 4 CI (Jlf/3(X>) 

NH4CI (i¥/ 300 ) 

/( +)-Glutamie acid (J//80); NH 4 OI {M/im) 

(//-Glutamic acid (3//40); NII 4 CI (i¥/ir>()) 

NH4Cl(il//ir)0) 

/( -f- )-Glutamic acid (J//50); NH 4 CI (il//370) 

/( + )-Glutamic acid (il//r) 0 ); d ( - )-;^luiamie acid {M/hO): 
NH 4 CI (i¥/.370) 

/( 4 )-Glutamic acid (3//150); d{ - )-gliitamic acid (if/150); 
NH 4 CI (if /370) 

/( + )-Glutaraic acid (if/ 150); d{ -)-glutamic acid (Jf/.50); 
NH 4 CI ( if /370) 

/( 4 )-Glutamic acid (ilf/150); NII 4 OI (if/370) 

NH 4 CI (if/370) 

d( -).Glutamic acid ( if /150), NH 4 CI (if/370) 


Qo , 

^7nU3 

^Aniidi-NT 

- 31-2 

-- 25-3 

290 

- 21 () 

~ 7-3 

12*1 

-130 

— 

0*5 

21 )() 

-101 

25*8 

- 10-6 

0-05 

11*1 

- 120 

-- 

— 

-441 

- 24*2 

20*0 

- 31-3 

- 140 

13*1 

- 33*4 

17*5 

17*1 

~ 29 - r ) 

- 8*0 

7*0 

- 28^7 

- 10 0 

15*4 

- lir > 

4 0*4 

1 7 

- 12-5 

< 1*0 

1*3 


is due to specific inhibition of the glutamine-synthesising system by r/( — )- 
glutamic acid. Addition of rl(--) -glutamic acid to /( -f ) -glutamic acid has tluj 
same result as addition of (/Z-glutamic acid. The figures in Table XVI show that 
it is not the absolute concentration of (7 ( — ) -glutamic acid whidi determines 

the degree of inhibition but the ratio hor 

® concentration of d{ - )-ghitamic acid 

instance A//150 c?( — ) -glutamic acid inhibits the amide- iiitrog(*n formation by 
50 % if the concentration of the antipode is ilf/150, but only by 34 % if tilt*, con- 
centration of the antipode is ilf/50. 

The inhibition by e7 ( — )-glutaraic acid can b(' (‘xpJained by the assumption 
that both isomerides combine with the enzyme and that the affinities of the 
enzyme for both are equal; only 7 (-f) -glutamic acid however reacts to form 
glutamine. 

Neither a-ketoglutaric acid, dU and 7( — )-aspartic acid nor d7-alanine in- 
fluences the rate of glutamine formation. A slight inhibition is found when 
synthetic (77-/3-hydroxyglutarnic acid is added (Table XVII). 


Table XVtI. Inhibition of the glutamine synthesis by 
dl- pdiydroxyglutumic nr id. 


Guinea-pig kidney, phosphate saline, 37-5®. 


Substrates added (final concentrations) 




/( +)-Glutaniic acid (JW/60), NH,C1 (MjlM) 

28*9 

-25*3 

■4*20*5 

l{ + )-Glutaraic a<-id (M/00), NH,C1 (if/184) 

+ dZ-^-hydroxyplutamic acid (MjOO) 

20*7 

- 19*3 

-f 10*9 


(t. Bicarbonate and phosphate buffers. Varying the concentration of bicar- 
bonate between ilf/40 and Mj21Q, or replacing bicarbonate with phosphate does 
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not essentially influence the rate of glutamine synthesis in guinea-pig kidney 
if the Ph is kept constant (Table XVTII). 

* 

Table XVII I. Synthesis of glutamine in bicarbonate and phosphate buffers. 


Ouinea-pig kidney; Mj^tO l{ 4- ) -glutamic acid; i¥/150 NI 14 C 1 ; /iji 7*4. 


Buffer 

^<^NU3 

fAmhVN 

Phosphate (3// 100 ) 

-24-8 

+ 2C0 

Bicarbonate (3//40); CO^ (5 vol. 

-185 

+ 22-8 

Bicarbonate (il//270); ( 0-8 vol, %) 

- 100 

i 25 0 


0. Enzymic hydrolysis of glutamine into glutamic acid and ammonia. 

If glutamine is added to extracts of lirain, retina or kidney, the reaction 
described in the? previous sections is reversed and glutamine is split into glutamic 
acid and ammonia (Table XIX). This reaction is not dependent on the cell 
structure and can be conveniently investigated in aqueous tissue extracts. 

Table XIX. Activities of asparaginase and glutaminase in kidney and 
liver extracts of rabbit and guinea-pig. 

Each tcHt-tulie contains 4*5 ml. veronal buffer {p^ 7*7; M 10 ), 1-5 ml. water, O-.") ml. J//5 
substrate (asparagine or glut amine) and 1 ml. tissue extract (1 jiart fresh tissue ground extracted 
with 10 parts water, centrifuged and supernatant fluid used), 1 hour; 37 r>^. 


Tissue 

tSubslrate 

XH 3 found 
after 1 hour's 
incubation 
pi 

XH 3 formed 
(corrected 
for blank) 
pi. 

Babbit liver 

Asparagine 

331 

312 


Glutamine 

92 

73 

it 

— 

19 

— 

Babbit kidney 

Asparagine 

18 

3 

Glutamine 

291 

15 

270 

»» 

Guinea-pig liver 

Asparagine 

1520 

14S4 

Glutamine 

308 

332 

99 

— 

30 

— 

Guinea-pig kidney 

Asparagine 

95 

51 

Glutamine 

225 

181 

,, 

— 

44 

— 


Enzymic hydrolysis of glutamine was observed by Hunter and Geddes [1928] 
and by Grassmann and Mayr [1933] in yeast extracts (see also Luek [1924]) when 
they were studying the specificity of asparaginase (which hydrolyses asparagine to 
aspartic acid and ammonia). These authors reached no conclusion as to whether 
glutamine and asparagine are split by one and the same enzyme. It can be shown 
however that there is a specific ‘‘glutaminase’' in some tissues: rabbit kidney 
splits glutamine rapidly but hydrolyses asparagine very slowly (Table XIX). 
Rabbit liver on the other hand splits glutamine about five times more slowly than 

asparagine (under the same conditions). The ratio 

1/100 for rabbit kidney and about 4 for rabbit liver extracts. If one enzyme 
were responsible for the breakdown of both amides, the above ratio should be 
constant. It follows from these experiments that glutaminase is a si>ecific 
enzyme. 

When glutamine is converted into ammonia and glutamic acid apparent 
amino-nitrogen must disappear from the solution, since 90% of the total 



I960 


H. A. KREBS 


nitrogen of glutamine reacts in Van Slyke’s method (the reaction time being 
5 min.). Hence the disappearance of amino-nitrogen as determined by Van 
Slyke’s method should amount to 80% of the ammonia formed. The experi- 
mental result agrees with the predicted figure within the limits of error: 0*6 ml. 
MjlO glutamine was mixed with 0*9 ml. brain extract (rat brain extracted with 
10 vols. water) and 015 ml. M sodium bicarbonate. Immediately after mixing 
785 /d. amino-nitrogen were found in 0*5 ml. solution. After one hour’s incuba- 
tion (37*5°) 341 p,l. ammonia were found in 0*5 ml. Another 0*5 ml. was mixed 
with 1 ml. borate buffer, pj| 9*5, and evaporated in vmw to 0*5 ml. in order to 
remove ammonia. The amount of amino-nitrogen found in this solution w'as 
480 /xl. Thus 305 /xl. amino-nitrogen had disappeared, whilst 341 /xl. ammonia 
appeared. The loss of amino-nitrogen is somewhat higher than calculated (89 % 
found, 80% calculated). This might be expected since slight decomposition of 
glutamine during the evaporation, necessary for the removal of ammonia, is 
unavoidable. 

Glutamine, heated (100°) in neutral solution, yields pyrrolidonecarboxylic 
acid and ammonia [Chibnall and We>stall, 1932]. In this case two amino-groups 
disappear for one equivalent of ammonia formed; thus enzymic splitting and 
neutral heat hydrolysis yield different products. 

7, /Some properties of gluiaminase. 

A. Specificity. As mentioned in the previous paragraph glutaminase does 
not hydrolyse asparagine. Phenacctylglutamine and benzoylglutamine, kindly 
supplied by Dr N. W. Pirie, are not attacked by kidnej’^ or brain extracts. 
Glutamine peptides (glutaminylglycine and glutaminylglutamic? acid) which 
Prof. Chibnall kindly gave me did not yield ammonia in the presence of rat 
brain extracts. «>oGlutamine (also from Prof. Chibnall) is slowly hydrolysed, the 
velocity being only a few % of the rate of splitting of glutamine (Table XX). 

Table XX. Action of rat brain extract on glutamine derivatives. 

Brain extract: one part brain ground with 10 parts jli/10 NaHCO.,. Each test-tube con- 
tained 0«5 ml. extract and 0*3 ml. M I ii) neutralised substrate solution, 8*5. Blank controls for 
brain extract and for the substrates. Incubation 2 hours; 37-5®. 

NH3 formed (corrected 
for blank) 


Substrate added /xl. 

Glutamine 590 

i.9oGlutaraino 35 

Benzoylglutamine 0 

Phenaoetylglutamine 0 

Glutaminylglycine 12 

Glutaminylglutamic acid 0 


B. Inhibition by glutamic OA^id. A peculiar phenomenon is observed when 
the course of hydrolysis of glutamine is followed in extracts of kidney, brain or 
retina. The hydrolysis starts with a high velocity (Table XXI, Fig. 3), but the 
rate soon falls off. Initially 156 fil. ammonia were formed per mg. dry kidney 
per hour, but when only one-sixth of the total amount of glutamine was split 
the velocity fell to one-third of the initial rate, and when half of the substrate 
was decomposed the velocity was about 6/xl. per mg. per hour, that is 3-80/oOf 
the initial rate. This decrease of activity is not due to destruction of the enzyme, 
since addition of fresh extracts does not restore the initial rate, but increases 
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Table XXI. Course of action of glutaminase. 

5 ml. phosphate buffer; pjj 7-8; 1ml. pig kidney extract (1 part minced kidney cortex 
extracted with 4 vols. of water, centrifuged; 3 ml, glutamine (if/20); 1 ml. water. Control 
tube water instead of glutamine solution; 1 drop octyl alcohol. From time to time 1 ml. or 0*6 ml. 
analysed; calculated for oomi^lete splitting; 338 /il. per 1 ml. 


Time 

NHj in 1 ml. 

Time 

NHg in 1 ml. 

min. 

pi. 

mill. 

pi. 

2*5 

26-4 

100 

154 

5 

52 

380 

216 

10 

08 

2880 

313 

20 

06 

5700 

340 

40 

127 





Fig. 3. The course of the hydrolysis of glutamine (pig kidney extract). 

tho rate only in pr()i)orti(>n to the enzyme concentration. The diminishing 
activity is due to inhibition of glutaminase by the glutamic acid formed in the 
hydrolysis. 

This inhibition of glutaminase by glutamic acid is shown dnectly in 
Table XXIT. 2-5 x f ( + )-glutainic acid produces 98% inhibition of the 

Table XXII. Inhibition of glutaminase by glutamic acids. 

Each te8t-tul)e contains 2 ml, phosphate buffer (pu 7*8), 0-5 ml. pig kidney extract (see 
Table XXI), 1 ml. glutamine solution (0*035 M) and 0*5 ml. of the solution given in tho first 
column; control tube water instead of glutamine. 

NHa per test-tube after NHa formed 
40 min. incubation (corrected 

at 37*5^ for blank) 


Solution added 

pi. 

pi. 

Water 

485 

437 

l( 4* )-Glutamic acid (if/5) 

57 

9 

d( - )-Glutamic keid (if/5) 

57 

9 

Control 

48 

— 


splitting of 0*87 x glutamine. Both optical isomerides of glutamic acid 

are equally active 8is inhibitors. This inhibition is not due to thermodynamic 
equilibrium between glutamine and ammonium glutamate; the equilibrium of 
the reaction lies at practically complete hydrolysis of the amide (in physio- 
logical solutions). This is shown by the facts that the splitting of glutamine 
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goes to completion even in the presence of glutamic acid (though extremely 
slowly), and that no trace of glutamine is formed from glutamic acid and added 
ammonia in the presence of glutaminaso. 

The inhibition of glutaminase by glutamic acid could be explained however 
by a competition of glutamine and glutamic acid for the enzyme. Competitive 
inhibitions by compounds which are chemically similar to the substrate are 
known (c.g. in the cases of xanthine oxidase and of sucrase), but asparaginase 
is not inhibited by aspartic acid. It is remarkable that the inhibition of 
glutamic acid requires very small amounts of glutamic acid, indicating that 
the affinity of glutamic acid for the enzyme is much greater than that of 
glutamine. From the experiment giv(^n in Table XXI and Fig. 3, it may be 
calculated that the rate falls to 50% of the initial rate when 18-20% of the 
glutamine is hydrolysed. Hence the enzyme is equally distributed bc^t ween 
glutamine and glutamic*, acid if the ratio of concentrations of glutamine to 
glutamic acid is 4 to 1. 

The inhibitory action of glutamic acid is specific except that (//-jSdiydroxy- 
glutamic acJd causes a slight inhibition (Table XXlll). Otlier arnino-acicis, 
or glutathione* or a-ketoglutaric acid have no effect. The fiict that c/( — )- 
glutamic acid and ci/-j8-hydroxyglutamic acid inhibit glutamine synthesis and 

Table XXIII. Inhibition of glutaminase by (W-^-hydroxyglutamic acid. 

Each test-tube contained 0-5 rnl. vtM'onal buifer, 0*5 ml. JZ/lO glutamine, and 1 ml. brain extract 
(rat brain extracted with 10 parts water; 37*5'^; 3(> min.). 

Solution added NH., formed (/xl.) 

0-5 ml. water 144 

0*5 ml. JV//.5 d/-^-hydroxygiutamic acid 1 12 

glutamine hydrolysis to the same extent is evidence in favour of the identity of 
the enzym(*s concerned with the synthesis and the hydrolysis. 

C. Dry enzyme 'preparations. To minced pig kidney 5 vols. of acetone w^tc 
added. Extracts of the dried precipitate hydrolysed glutamine, thougli more 
slowly than extracts of fresh material. The activity was about the same whether 
the dry powder was extracted with wat(*r or with ilf/IO sodium bicarbonate. 
Acid extraction (1 % acetic acid) gave less active enzyme solutions (Table XX I \^). 


Table XXIV. Glutaminase. in acetone preparations of pig kidney cortex. 


O'O g. powder extracted for 15 nun. with 10 ml. solution; 

1 ml. extract + 1 ml. Jf/10 glutamine + 0*2 ml. NaHCOa {M); 8-5. 


Solution used for 
extraction 
Water 

MIU) NaHCOg 
.1//60 acetic acid 


NHg formed in 30 min.; 37-5® 
(corrected for blank) 

Ml. 

33*7 

36-8 

23-7 


Table XXV. Influence of enzjpne concentration. 

Guinea-pig brain extracted with 10 parts w'ater; Mjlo glutamine; 
bicarbonate buffer; Ph 8*5; total volume 3*2 ml. 


Volume of brain extract 

NHo formed in 30 

ml. 

pi. 

2-0 

79 

10 

45 

0-5 

20 

0-25 

14 
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D. Enzyme concentration. The initial velocities are approximately propor- 
tional to the enzyme (concentration as shown in Table XXV. 

E. Influence of glutamine concentration. The inhibition by glutamic acid — 
a combination between catalyst and a product of the catalysis — complicates the 
kinetics of glutaminase. It is not proposed to analyse the kinetics exhaustively 
in this paper, but a few figures will be given showing the activity of glutaminase 
under different conditions. Table XXVI shows the influence of glutamine con- 

Table XX VL Inflmnxie of glutamine concentration. 

Guinea-pig brain extracted with 10 parts water; 2 ml. extract -f 0-3 ml. M NaHCOg-^ 2 ml. 
glutamnie solution in each tube; />ji S*5; 37*5'’. 

Final concentration of glutamine fonneil in 30 min. 

Jf ^\. 

0-02 1880 

0*01 00*5 

0*(M).j 20 5 


Table XXVII. p^^ curve of brain, kidney and liver glutaminase. 

lUiflcr NHg formed (correett'd for blank) 

final M concentrations pi. 


Xa-sjGOa 

NaHCOa 

in gas 

Pii 

Brain 

Ridney 

Liv'er 

0*t)9 

OOl 

— 

10*8 

38*5 

53 

10 

0 05 

0*05 

— 

9*8 

134*0 

215 

21 

0 01 

0*00 

— 

8*8 

525*0 

288 

72 


(M 

5 

SI 

230*0 

312 

75 


0*025 

5 

7*5 

32*0 

190 

218 

— 

i) 005 

5 

0*8 

10*0 

145 

191 


0*(K15 

20 

0*2 

4*0 

110 

20 



Fig. 4. jiq curve of brain and Uver glutaminase. 
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centration on the initial velocity of hydrolysis. As expected from the preceding 
experiments an increase of the concentration of glutamine increases the velocity 
of the hydrolysis considerably. 

F. Influence o/ p^. 3 g. guinea-pig brain were ground with sand and ex- 
tracted with 24 ml. water. 1 ml. of the centrifuged extract was mixed with 
0*8 ml. J//10 glutamine solution and 0*2 ml. buffer. The flasks were incubated 
for 40 min. at 37*5°; ammonia was then determined. Blanks were carried out 
to measure the ammonia formation in the absence of added glutamine. The 
blank was found to be independent of it amounted to llfxl, NHg per flask. 
The results are given in Table XXVII and Fig. 4. Similar experiments were 
carried out with kidney and liver extracts. Sheep kidney was extracted with 
4 vols. of water. The liver extract was prepared by extracting guinea-pig liver 
with five parts of water. The results are also recorded in Table XXVII. 

Owing to the complications in the kinetics before mentioned the curves in 
^ only an approximate picture of the influence of on glutaminase. 
The optimum of brain glutaminase lies between pjj 8 and 9. The curves for 
kidney, liver and brain glutaminase are not identical. In the next paragraph 
further evidence will be adduced showing that the splitting of glutamine in 
various tissues is due to different “glutaminases’’. 

G. Glutaminase in various tissues. Existence of different glutaminases. Gluta- 
minase is found in those tissues iri wliich the synthesis of giutamine occurs, but 
it is also found in some tissues which do not synthesise glutamine, for instance 
in spleen and liver of the guinea-pig and in pig kidney. Table XXVII I shows 
the relative activities of extracts from various tissues. 


Table XXVIII. Glutaminase in various tissues. Influence of glutamic acid. 


Tissue 
I Pig retina 

I Pig liver 
{ >1 

f Pig kidney 
I >» 

I Guinea-pig sploen 
I Guinea-pig liver 
I Guinc*a-pig lung 


f Guinea-i>ig muscle 
\ 

Guinea-pig testicle 
J Guinea-pig blood (lakecl) 

v »♦ ,, 

I Rat brain 
I Rat liver 
f Rat muscle 


Veronal buffer; 8 5; 37*5°. 


Water 

used 

for 

Vol. of 
extract 

Total 
vol. of 

31 oono. 

31 cone, 
of l{ -f )- 


formed 

(corrected 

for 

extract 

used 

fluid 

of 

glutamic 

Time 

blank) 

parts 

ml. 

ml. 

glutamine 

acid 

mm. 

p\. 

30 

1 

2-2 

00023 

0 

120 

225 

»» 

- 

*» 

>» 

0046 

,, 

~0 

4 

1 

2*5 

o 

6 

0 

30 

238 


»» 

»» 

ff 

0-04 

>» 

238 

4 

1 

2-5 

0-02 

0 

30 

91 

»l 


»» 

«> 

004 


18 

12 

1 

2-5 

0-02 

0 

60 

27 


»» 

^9 

»» 

004 

ff 

3 

5 

1 

2-5 

0'02 

0 

60 

740 

»> 

»» 

» 


004 

»> 

740 

5 

1 

2-5 

0-02 

0 

60 

68-5 

»» 

f* 

»» 


004 

»» 

3 

6 

1 

2-5 

0-02 

0 

60 

8 


ft 

>> 

»* 

004 


6 

6 

1 

2-5 

002 

0 

00 

0 

3 

3 

70 

0*02 

0 

120 

27 


99 

»» 


004 


31 

5 

1 

2*5 

0*02 

0 

60 

186 

9i 

»» 

»» 

♦» 

004 


57 

4 

1 

2*5 

002 

0 

60 

173 

ff 

»» • 

» 

ft 

0*04 

»> 

153 

8 

2 

40 

002 

0 

140 

7 

>> 

jf 

** 

»» 

. 004 

140 

7 
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The most characteristic property of glutaminase found so far is the inhibi- 
tion of the enzyme by glutamic acid. But this inhibition is not found in all 
tissue extracts in which a glutaminase is found. Guinea-pig liver for instance 
hydrolyses glutamine rapiclly, but glutamic acid does not inliibit the reaction 
(Table XXVIII). This proves again (see the preceding paragraph) that the 
glutamine-splitting enzyme in guinea-pig liver is different from the enzyme in 
kidney, brain or retina. There are at least two types of glutaminase distin- 
guishable by their optima and their inhibitions by glutamic acid (“brain 
type ” and “liver ty^wi ”). Some tissues, for instance rat kidney, seem to contain 
both types of glutaminase, since the splitting of glutamine is partly ijihibited 
by glutamic acid and the pjj curves show two maxima. 

The second glutaminase (“liver type”), too, is different from asparaginase. 
Guinea-pig liver splits both amides, asparagine and glutamine, and the rates 
of splitting are of the same order of magnitude. But blood serum from guinea- 
pig does not attack glutamine whereas it splits asparagine rapidly [Clementi, 
1922]: 1 ml. serum hydrolyses up to 30 mg. asparagine per hour (pn 7-4, 
37*5°). Asparaginas(‘ is thus found in nature separately from the enzymes 
which split glutamine. This proves that asparaginase is not concerned in the 
splitting of glutamine. 

8. Glutamine as precursor of ammonia in tissues. 

Most animal tissues are capable of forming ammonia by anaerobic reactions 
when incubated at body temperature. The rate of ammonia formation is often 
much greater after destruction of the cells. Thus red blood corpuscles of birds 
fonn hardly any ammonia as long as the cells are intact and the medium 
contains oxygen and sugar; but laked cells, or cells which have been deprived 
of their substrates for energy-giving reactions, form ammonia. A difference 
between intact and ground tissues as regards ammonia formation has been 
demonstrated for muscle by Embden et at. [1928] and by Parnas and Mozdowsky 
[1927], for brain by Schwai’z and Diebold [1932] and by Riebeling [1934]. 
I find it also in kidney, testicle and intestinal wall. 

The precursors of the ammonia derived from anaerobic sources in tissues are 
not all known. In some tissues, adenylic acid seems to be the chief precursor. 
In blood (see Klisiecki and Heller [1935]), brain and other tissues the amount 
of adenylic acid is too small to account for the total ammonia formed. 

Other possible sources of ammonia formed anaerobically are asparagine and 
glutamine. I have used the inhibitory effect of glutamic acid on glutaminase to 
decide whether some of the ammonia formed in mashed tissue is due to the 
action of glutaminase (“brain type”). Brain, retina and kidney (pig and 
guinea-pig) were divided into two equal fractions ; the first fraction was ground 
with water, the second with jI// 50 Z(-f) -glutamic acid. The same amount of 
ammonia was found however in each fraction after incubating the tissues and 
the extracts at 38® at pjj 8*5 or 7*4. Hence wo may conclude that glutaminase 
(“brain type”) is not concerned with spontaneous ammonia formation in the 
tissues examined. 

9. Effect o/ 1 ( -f )»gltUamic acid on the formation of ammonia 
in brain and retina. 

Slices of brain tissue or retina, when suspended in saline, produce considerable 
amounts of ammonia (for references see Dickens and GrevHle [1933]. i(4*)“ 
glutamic acid reduces the oiitput of ammonia in brain and retina as shown in 
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Table XXIX. In some experiments no ammonia at all could be detected when 
Z(-f) -glutamic acid was present; but instead of ammonia amide-nitrogen was 
found. The sum of ammonia plus amide-nitrogen is approximately the same in 


Table XXIX. Formation of ammonia and amid^e-nitrogen in brain and retina 
in the presence o/ 1 ( + ygluiamic acid. 


Tissue 

Substrates added 


Q Amulp-N 

^NH8 + 
^Amuie-N 

f Giiinoa-pig brain 

j 

— 

1-68 

0-71 

2-39 

i 

31/50 /( + )-glutamic acid 

M) 

207 

2-67 

f Guinca-pig brain 

— 

1-62 

0-25 

1-87 


3// 50 /( -h ) -glutamic acid 

0*21 

148 

3-69 

1 Guinea-pig brain 

3// 70 glucose 

0-19 

044 

0-63 

37/70 glucose + 3f /50 Z( -f )-glutamic acid 

0-02 

1 03 

105 

f Babbit brain 

— 

1-52 

0*67 

249 


31/100 Z( + )-glutamic acid 

o-s:i 

1()3 

2-46 

f Cat brain 

— 

1-51 

-() 

1-51 

1 .. 

3//50 Z( + )-glutamic acid 

0-70 

0-7() 

1 40 

( Pig retina 

— 

o-6:i 

O'lS 

0-81 

I 

3//50 Z( 4- )-glutamic acid 

^0 

1-34 

1-34 

Pig retina 

— 

1-20 

0 59 

1-79 


3//50 Z( + )-glutamic acid 

0*35 

1 40 

1-81 


3i/70 glucose 

0-99 

0-80 

1-85 


3//70 glucose - 3//50 Z( 4-)-g1utamie acid 

--0 

1 12 

1 12 

Ox retina 

— 

1 25 

033 

1*58 

»» 

3//50 /( +)-glutamic acid 

OU 

0>77 

0-91 

i9 

3//90 glucose 

043 

0 33 

0-70 

. 

3f/90 glucose ~ 37/50 Z( -} )-gIutaniic acid 

0-28 

0 07 

0-95 


the presence as in the absence of Z(+)-glutamic acid. Thus whilst glutamic; acid 

causes a change in the ratio — — it does not increase the sum ammonia 
^ araicle-nitroKen 

plus amide -nitrogen. This is remarkable seeing that glutamic acid causes an 
increase in the oxygen uptake of brain and retina [Krebs, 1935]. 

The non -natural f/( — ) -glutamic acid does not inhibit the formation of 
ammonia in brain. This shows that the “inhibition’' of ammonia formation by 
7(4-)-glutamic acid is not due to inhibition of glutarninase;, since glutaminase 
is equally affect'd by the stereoisomerides. The “inhibition” must be explained 
by the secondary disappearance of the ammonia through the sv nthesis of 
glutamine. 

Warburg ef al. [1924] and Dickens and Greville [1933] have; found that slices 
of kidney, brain, and retina form less ammonia in the presc*n(;e of glucose than 
in glucose-free saline. But glucose, unlike glutamic, acid does not increase the 
yield of amide-nitrogen (see the last experiment in Table XXIX). 

10, The fate of glutamine in brain aiid retina. 

When the amount of amide -nitrogen which is formed in brain or retina is 
compared with the amount of ammonia which has disappeared (see Table VIII) 
it will be se(*n that, in some cases, more ammonia is used than amide -nitrogen 
is found. The deficit is very considerable in some experiments on retina. Two 
explanations for this deficit suggest themselves: either ammonia may be used 
for another reaction, or a part of the glutamine formed may disappear by a 
secondary reaction. The following experiments favour the second explanation. 

Retina was suspended in glutamine- containing saline at pj^ 7*4. After incu- 
bating for one or two hours the tissue was well washed and the w^ashings were 
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added to the experimental solution. Ammonia and amide-nitrogen were then 
determined in the solution. Only a small amount of ammonia was found, hardly 
more than in controls to which no glutamine was added. The amide-nitrogen on 
the other hand was considerably decreased (Table XXX). The sum of ammonia 

Table XXX. Disappearance of ghitamine from retina. 

For each experiment 3 ml. bicarbonate saHne, 0*4 glucose, 5% CO^ in The deficit 

shown in the last column has not been corrected for blanks and therefore represents a minimum 
value. 



Tis.sue 

Glutamine* 

added 

Time 

NH3 

formed 

Amide -N 
founfl 

Deficit 

Animal 

mg. 

p\. 

mm. 

gl. 

Ml. 

pi 

Sheep 

33*95 

162 

PK) 

3*5 

122 

36*5 

24*48 

610 

120 

22*0 

544 

44*0 


16*54 

212 

120 

29*0 

132 

51*0 

>> 

30*0 

308 

120 

16*5 

154 

137*0 

]*igcon 

7*0 

141 

120 

12*0 

96 

33*0 


and amide-nitrogen as compared with the added glutamine shows a marked 
deficit. These results indicate that the ti.ssue utilises glutamine but not by 
splitting it into glutamic acid and ammonia. The nature of the products of the 
conversion of glutamine remains to be investigated. 

11. Some experimental details. 

The methods used in this jiaixr— ti.ssue slices, manomctrKj procedure, determination of 
ammonia — were essentially the same as in the preceding paper [Krebs, 193r>], Certain additional 
details are given in this section. 

(rtutanifHv was prepared according to Sclmltze and Winterstoin from sugar beet or mangold 
wurzelft [.see Vickery et al.t 19.35). In the beginning of this investigation, 1 had at my disposal 
a large sample prepared by Dr N. W. Pine. 

Preparation of d\-ijin(ai(ii< arid. 5(»g. of /( -f )-glutamic acid were heated in an oil-bath for 
50 min. at 170-180^ and for 50 nun. at The r/Z-pyrrohdonecarlaixylie acid formed w’as 

hydrolysed with 3 times its weight of <‘onceutrated hydrochloric acid for 4 hours at boiling 
temiK?rature. The d/-glulaniie acid Mas then isolated in the usual way. Yield 17 g. recrystallised 
d/-glutamic acid, [a -i- 1 *84^ (in 2V HVl); amino-N 9*8.5 This procedure is the method of 
Abderhahlen and Kautsi'h [1910j, except for the time of heating. The raceinisation was very 
incomplete when the direetions of Abderhalden and Kautsch were followed. 

Preparation of d{ -* )-gluiamie and. 10 g. dTgliitamic acid w^ere fermented with yeast according 
to Ehrlich [1914]. Yield l*fig. recrystallised d{ - )-glutamic acid, [a],) -34*6“ (0*1936 g. in 20ml. 
2N HCl). Amiiio-N 9*43 V,,, 

ASott4tionM. ‘‘ Phosphate saline and “ bicarbonate saline were made up as described previously 
[Krebs, 1933, 1 J; 2-4 ml. were used for each flask. All substrate solutions which were added to 
the experimental fluid w ere neutralised w ith sodium hydroxide before they w^re added; ammonia 
was added as ammonium chloride. 

Dekirmination of arnide-nttrftgen {glutamine). The free ammonia w as removed and determined 
in the apparatus of Parnas and Heller. The amraonia-frec solution was transferred to a test-tube, 
neutralised with 14 A" sulphuric acid and mixed with one-tenth volume of 30% trichloroacetic 
acid. The volume of the fluid was now measured. The solution was filtered and an aliquot part 
of the filtrate was acidified Avit h one-tenth of its volume of sulphuric acid, heated for 5 min. 
in a boiling water-bath (see Table VI), cooled and made alkaline w ith 50 sodium hydroxide 
(thymolphthalein). Ammonia was then determined in Pamas’s apparatus. Known amounts of 
glutamine were recovered by this method with an accuracy of 1-2 

Blanks. Since glutamine solutions decompose spontaneously (though at a very slow* rate), 
blanks were carried out in all experiments on the enzymic hydrolysis of glutamine to measure 
the spontaneous decomposition. Between 2>a 7 and 9 about 0*2*-0’4% of the glutamine dissolved 
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cleoompoeed in 1 hour at 38® as determined by ammonia formation. This figure includes the hydros 
lysis which may occur during the determination of ammonia. 

Tissue extracts wore made by grinding the tissue with sand and water and centrifuging. The 
supernatant fluid was used as “extract*'. 

Units. In order to make the metabolic changes comparable with respiration all substances 
are expressed in terms of gas volumes. 17 mg. NHj, or 14 mg. amide-N, or 14 mg. amino-N are 
taken as equivalent to 22400 /al. at n.t.p. 

12. Discussion. 

A. Reversibility of the. glutamine synthesis. The synthesis of glutamine in 
tissues can be reversed in vitro, for instance by changing the p^i . However, two 
facts indicate that the synthesis of glutamine is practically not reversed in the 
Imng cell. (1) The hydrolysis occurs in practice only outside the physiological 
range of pj^. (2) Glutamine disappears from brain or retina without forming 
ammonia. Thus there appears to be a cycle of ammonia in nervous tissue in 
which the conversion of ammonium glutamate into ghitamine is one step. 
Nothing is known about the other stages. 

B. Physiological significance of glutaminase in brain and retina. Tn a previous 
section (7 B) it has been shown that one and the same enzyme is probably 
concerned in the synthesis and the hydrolysis of glutamine in kidney, brain 
and retina. In the preceding paragraph it is suggested that the glutaminase 
found in extracts of these tissues is concerned in vivo with the synthesis only. 
It may well be that several hydrolysing enzymes foimd in tissue extracts are 
only components of synthesising systems. For instance hippuricasc^ (histozym), 
or proteolytic and lipolytic enzymes are found in extracts of those* tissues known 
to perform the respective syntheses in vwo. 

C. Glutamine synthesis and energy-giving reactions. If the energy-giving 
reactions are inhibited (section 5 E) synthesis of glutamine ceases. This makes 
it evident that the system which synthesises glutamine consists of glutaminase 
and of an additional factor concerned with the transmission of energy. The 
transmission of energy results in a change in the thermod>Tiamic tiquilibrium 
between ammonium glutamate and glutamine in favour of the latter. If this 
occurs the enzyme catalyses the attainment of the new equilibrium. 

D. Significance of the ''glutamine system '". Nothing d(*finite is known at 
present about the physiological function of the glutamine synthesis. Certain 
experiments suggest a connection between the system and the ciuTgy-giving 
reactions: Z(+)-glutamic acid is the only amino-acid which increases tespira- 
tion in brain and retina; unlike other amino-acids it inhibits anaerobic lactic 
acid fermentation. These experiments will be described in a later paper. 

SXJMMABY. 

1 . Brain cortex and retina of vertebrates and kidney of rabbit and guinea- 
pig convert ammonium glutamate into glutamine. Under o{)timum conditions, 
kidney synthesises 10-20% of its dry weight of glutamine per hour, retina 
5-7%, brain cortex 1-2% (37*5°). 

2. The synthesis of glutamine is an endothermic reac;tion and therefore 
depends on <mergy-giving reactions. Respiration supplies the energy in kidney 
and brain. In retina the energy can be derived from anaerobic lactic acid fermen- 
tation. 

3. Extracts from those tissues which synthesise glutamine contain a specific 
enzyme which hydrolyses glutamine to ammonium glutamate (“glutaminase’'). 
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4. The synthesis of ghitamine and the hydrolysis of glutamine are specifi- 
cally inhibited by the non-natural d( — ) -glutamic acid. 

5. Some properties of glutaminase are described. Characteristic is the 
specific inhibition by glutamic acid. 

6. Liver of mammals (pig» guinea-pig, rat) contains a glutamine-splitting 
enzyme which is not iriliibited by glutamic acid and shows a optimum 
different from the optimum of glutaminase from brain, kidney and retina. 
Both glutaminascs ('* brain type’’ and liver type”) are distinct from aspara- 
ginase. 

This work was made possible by grants from the Rockefeller foundation and 
the Ella Sachs Plotz foundation. 

I wish to expjess ray thanks to Sir E. G. Hopkins for his interest and 
help; to Prof. Chibnall for samifios of ^soglutamine and glutamine peptides; 
to Prof. Harington for a sample of dZ-)3-hydroxygiutamic acid; to Dr Pmie for 
samples of glutamine, benzoyl glutamine and phenaeotylglutamine, and to 
Mr V. H. Booth for his help in preparing the manuscript. 
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CCXXXI. THE PERMEATION OF 
ERYTHROCYTES BY CATIONS. 

By MONTAGUE MAIZELS. 

From the Department of Pathology, University College Hospital » 

{Received July 1st, 1935.) 

When erythrocytes are suspended in salt solutions, the amount of anion per- 
meating varies with the external pjj . If acid is added to the external phase, 
then hydrogen ions and anions penetrate the cell membrane freely. If the 
penetration of cations like sodium and potassium were also rapid, then the 
amount of anion penetrating erythrocytes would vary not only with the ex- 
ternal 2>n l^ut also with the external salt concentration. It is found, howeveu*, 
that when human erythroc^des are suspended in salt solution at constant , 
the amount of permeating anion changes only slightly with considerable varia- 
tions in the external salt concentration (Maizels, 1934]. In view of these obser- 
vations it may be concluded that human erythrocytes are not readily permeated 
by cations, and that the penetration of chloride is prevented by tlie electrostatic 
attraction of the non-penetrating cation. 

Whilst, however, observations on the relative imjiermeability of erythrocytes 
to cations have been numerous, there has been a lack of agreement l)etween the 
findings of various investigators. These disagreements arisii partly from the 
different techniques used and partly from the fact that the cells of different 
animals have been employcHi. For this reason the permeability of erythroe;ydes 
to cations has been re-examined; in the present investigation experiments have 
been limited to human cells, and changes in the potassium contemt have been 
measured after the c(41s have been suspended in solutions of sodium (*hloride, 
potassium chloride and glucose. 

Giirber [1895] originally noticed the impermeability of erythrocytes to sodium 
and potassium, but Hamburger and Buba [1910], using ox corpuscles, observ(^d 
that cations passed across tiie cell membrane on changing the carbon dioxide^ 
t(Tision of the blood, or on altering the salt concentration of the serum. Ashby 
[1924], using human cells, found considerable changes in the cation of human 
erythrocytes suspended in 10 vols. of salt solution and incubated for one or 
more days. The pj^ of the original salt solution was 7-4, but the of the fluid 
after mixing with blood is not given. In any case cation leakage occurring after 
the lapse of many hours is rather a stringent critc^rion of cell permeability, for 
the integrity of the cell is unlikely to be maintained under these circumstances ; 
and whilst one may agree with Ashby that partial haemolysis is clear evidence 
of cell damage, it is equally clear that some trauma must have existed before 
haemolysis became apparent. 

Wakeman et al. [1927] were unable to confirm Hamburger’s observations, for 
they detected no passage of cation in or out of human erythrocytes on adding 
to the serum either salts or water. These writers limited loss of CO 2 from their 
preparatiouh by saturating with CO 2 (at a pressure of 40 mm. in air). Mond 
[1928] found that when the erythrocytes of oxen or swine were suspended in 
salt solutions cation permeation only occurred at Pi£>8 to 8-3. Kerr [1929] 
found that the centrifuged erythrocytes of man, dog, sheep and ox, after 2 hours’ 

( 1970 ) 
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suspension in saline wash -fluid were all permeable to cation, but that permea- 
bility was greatly decreased when a high proportion of serum was added to the 
wash-fluid. Davson fl934] used a suspension of equal parts of ox corpuscles 
and salt solution and found a considerable and rapid permeation of cation which 
was unaffected by the^ presence of serum — indo(5d a considerable decrease of 
cell y)otassium occurred when the cells were left in contact with th(?ir own serum 
in vitro. 

It follows from the work of Mond tliat in any investigation of cell permea- 
bility the Pii of the system should be known, and this is not the case with the 
experiments of Ashby, Kerr and Davson. Indeed it is probable that as a result 
of exposure to air, defibrination He,, loss of COg from the cells ^ill render these 
definitely alkaline and that this alkalinity will be imparted to the wash-fluid, thus 
inc.rt‘asing cell permc‘ability. Any increase in the wash-fluid is likely 

to be the more marked when its volume is not great compared with the volume 
of the suspended cells. Under these circumstances also the composition of the 
wash -fluid will be materially altered should cation permeation occur. In the 
pn^sent investigation a small quantity of cells was suspended in 70 vols. of 
solution; in this way (hanges in the reaction and composition of the wash-fluid 
were limiti'd and in addition c<‘lls remained in contact with the suspending 
solution without constant agitation of the system. Further, as the cells were 
spun down into narrow capillaries, the amount of intercellular fluid was 
minimum. 

Method. 

Hej)arinis(‘d blood is centrifuged for 30 min. in tubes drawn out into sealed 
graduated and <?alibrated capillaries. The volume of (T^dhrocytes (about 0*1 ml.) 
is accurately measun^d, the supernatant plasma removed and the cells sTispendod 
for a given time in 7 ml. of the test fluid. The suspension is then centrifuged, 
th(‘ new^ volume of the erythrocytes measured and the supernatant 

fluid estimated [Maizels, 1934J. This fluid is then discarded and the centrifuge 
tube carefully washed with distilled w’ater dowm as far as the upper face of the 
erythrocyte (column. The cells are laked in about 2-5 ml. of water, 0*3 ml. of 
sodium tungstate (10 %) and 0-3 ml. of 2/3 H 2 SO 4 are added and the volume 
made up to 4 ml. After centrifuging, 1 ml. of the protein -free fluid is placed 
in a (‘ylindrical centrifuge tube (9x1 cm.) the last centimetre of which tapers 
to a point. 1 ml. of sodium eobaltinitrite solution is added and afbcT 16 hours 
the deposit of potassium eobaltinitrite is centrifuged down. All but 0-2 ml. of 
the supernatant fluid is removed and the tube almost filled with distilled water, 
at first added drop by drop so that the precipitate of potassium eobaltinitrite 
and its covering layer of sodium eobaltinitrite remain undisturbed. The latter 
is then removed with a capillary pi])ette and restored to the main bulk of wash- 
water in the tube (which is now pale amber in colour), after which the tube is 
again centrifuged. It is then left for 2 hours so tliat any sodium eobaltinitrite 
in the interstices of the packed precipitate may diffuse out. The precipitate is 
then twice washed after the fashion of the first washing, but after the final 
washing all the supernatant fluid is removed. The potassium eobaltinitrite is 
finally estimated by the method of Kramer and Tisdall [1921J. 

There are several possible objections to the above method. The composition 
of the potassium cobaltinitiite precipitate varies slightly, and it is therefore 
necessary to estimate the K content of a standard solution in the same way as 
that of the unknown in order to provide a factor with which the K in the 
unknown solution may be calculated. Again, it is conceivable that K present 

12^1 
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in the protein precipitate might be greater or loss than that in the protein-free 
fluid. Nevertheless potassium added to cells can be quantitatively recovered 
and the findings agree well with the results obtained on ashed cells within the 
limits of experimental error. Finally, potassium cobaltinitrite is not completely 
insoluble and it is important that the ])recipitate be not disturbed during the 
process of washing. The error in the method rarely exceeds ± 3 % and is usually 
loss than ±1*5%. Duplicate ex j)eriments agree well and results are reproducible. 


Results. 

The findings in 53 normal cases were as follows: cell K averaged 107 m.eq. 
per litre of cells. In 7-5% of cases it was over 113 m.eq., in 79-5% between 
96 and 113 m.eq., in 7-5% it was less than 96 m.eq., and in 5*5% less than 
90 m.eq. The lowest figure was 87 m.eq., and the liighest 119 m.eq. 


I'he cation cmitent of celh suspended in solutions of 
potassium chloride eyt* sodium chloride. 

The effect of external concentration. The concentration of K in the normal 
human erythroc 3 rto is about 160 m.eq. per kg. of cell water. In the following 
experiments cells were suspended in KCl solutions varying in concentration from 
100 to 514 m.eq., including 175 m.eq. which is only slightly hypertonic, and it 
will be seen (Table 1) that though cell K increases slightly with external con- 
centration, the total gain in K is relatively small over a wide range from 100 to 
350 m.eq., and it is only when the external concentration becomes excessively 
high that the increase in cell K becomes more evident. Similarly, cell K is 
but little decn^ased wlien (erythrocytes arc placed in NaCl solutions of varying 
concentrations. 

In Table 1 and in subsequent tables Q is the ratio of K present in unit 
volume of ‘‘originaT’ cells resulting from suspension in salt solution, to that 
present before suspension. Thus 

Q = K,xF/Ko, 

where is the K content per litre? of suspended cells, is the K content per 
litre of original cells, and V is the ratio of the volume after suspension to that 
before. Results are the mean of four observations. 

It should be noted that Q indicates changes in the K content of the cells, 
or in other words changes in the actual amount of K passing across the er;^d)hro- 
cyte membrane. It does not indi(jate changes in the K concentration of cells, 
that is the concentration per kg. of cell water. This latter value will be con- 
sidered subsequently. 

^ Table I. 


Cells 1 hour in salt solution at 31®, pjj 7*6. 


External concentration Cells in KCl 

m.eq. Q 

100 1-04 

175 107 

350 I’ll 

514 1-40 


Cells in NaCl 

Q 

0*95 

0-95 

0*94 

0-90 


It might b(‘ thought that the apparent increases in cell K were duo to the 
presenct^ of a residue of the suspending fluid between the cells of the packed 
centrifuged deposit. If, however, a salt like potassium ferrocyanide (which 
penetrates erythiocytes extremely slowly) be added to the suspending fluid, it 
may be shown that not more than 1 % by volume of the packed cells is occupied 
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by ferrocyanide, and this includes ferrocyanide in, on and between the cells. 
Hence intercellular salt solution can contribute but little to the changes in cell 
cation. In the case of the more dilute solutions, at least 70% of the small 
increase observed is duo to the actual penetration of potassium, whilst with 
the very conc^entratod solution the real increase of cell K is at least 80 % of the 
apparent increase. 

Temperature coefficient, Teinpcirature has little effect on the gain in total K 
of cells placed in potassium chloride solution, even when the external concen- 
tration is as great as SoOrn.eq. But when the external concentration is very 
high indecid (5]4Tn.oq.) the amount of K taken up by cells increases wit!i 
temjKjrature. Similarly, the loss of K from cells suspended iriNaCl is practically 
unaffected by temT)eraturc. 

Table IT. 

dells 1 hour in sail solution at 7*0. 

dolls in K(M- dolls in XaCl. 

K\tornal eoncontralion External conoontration 



1 7r» ni.o(j. 

m.eq. 

.7M m cq. 

17.7 m.eq. 

.‘{,70 m.eq. 

514 m.eq 


Q 

Q 

V 


Q 

Q 

10 

1 oo 

1-OU 

1-2.7 

0-9.7 

— 

0-93 

24 

107 

J 09 

j-:ii 

0-95 

0*9.7 

0-90 

rii 

1-07 

111 

1-41 

0*9.7 

0 94 

0-89 


The effect of time, in K.C1 solutions of mudi^rate and high concentrations, 
the chief gain in K. is almost immediate and during tlie next hour further 
increase is very sliglit . But if the (external concentration is very high indeed 
the inen^ase of cell K is more continuous and mori' marked. In NaCl solution 
a small loss of K occurs immediately, hut tluu’eafter ecdl K remains constant 
for at It^asi 4 hours. 

Jn Table Ilf ”0 ” minutes signifies that the cells are centrifuged immediately 
after suspension in the salt solution; the time is actually about 10 sec. phis 
an indet/i^nninafe period during which the cells are Ixdng c(‘ntrifuged out of 
contact with the solution. 

Table III. 

delU III salt solution at .‘11'". pn 7 (i. 




Kxternal KCl 


Exti'] 

rnnl NaCl 

"I’liue 

175 m.eq. 

350 m.eq. 

.714 m.eii. 

3.70 m.eq. 

51 1 m.eq 

mill. 

V 

Q 

Q 

Q 

Q 

“O'’ 

i-on 

1-08 

1-23 

0*9,7 

0-94 

.7 


1*09 

1-20 

0-9.7 

— 

00 

1-07 

Ml 

1-44 

0*9*1 

0-89 

240 


1-11 

— 

0-92 



The effex'A of Between Pu 5’8 and 8-3 cells suspended for one hour in 
KCl (350 m.cq.) show the same increast^ of K — about 11 At Iow(t values 
haemolysis occurs: the increase in cell K is mon* marked and the influence of 
temperature (insignificant between 5*8 and 8*3) b<*(*omos more obvious. At 
Pn >3*3, the inoreaso in cell K is again more marked. The observations of Mond 
on the increased permeation of cation at high pjj values are thus confirmed and, 
whilst the increase at a very high p may be partly due to chemical damage of tlie 
erythrocyte membrane, the increase which is still e\ddent between pj^ 8 and 8*8 
appears to depend mainly on physical causes. Thus cells placed first in NaCI 
solutions of pjj varying between 7*fl and 8*6 and then susfKuided in neutral KCl, 
show no more increase of K than cells suspended straight away in neutral KCl. 
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This shows that initial soaking in NaCl of moderate alkalinity does not so 
damage the erythrocyte membrane as to increase the permeation of K on subse- 
quent suspension in KCl solution. 

Cells placed in NaCl lose about 5 % of K except in very acid or very alkaline 
solutions, when the loss of K is greater. 

Table IV. 

Time 1 hour. 


KCl. NaCl. 

K\:ternal concentration External concentration 



( 

175 m.eq. 

350 m.eq. 

350 m.eq. 

r 

175 m.eq. 

350 m.eq. 

350 m.eq 

Temp. ... 

24“ 

24“ 

31° 

24“ 

24“ 

ar 

Pj\ 

(external) 

Q 


Q 

Q 

Q 

Q 

5-2 



1*61 

— 



— 

5-6 

— 

1-31 

1-54 

— 

0*50 

0-12* 

6-0 

lOf) 

in 

MO 

— 

e-96 

0-95 

70 

107 

MO 

Ml 

0'97 

0*90 

0-94 

S-0 

— 

Ml 

Ml 

— 

0-94 

0-93 

H-f) 

109 

M4 

M9 

0 90 

0 94 

0 93 

9-0 



1 22 

1*33 


0-92 

0-92 

9-5 

- 

130 

1-.52 

0-90 

0-88 

- 


* Slifrht haemolysis. 


Suitmiary of changes in the CAitioii of cells suspended in salt solutions. The 
changes in cell cation observed hitherto fall into two groups. (1) (!)cl[s in salt 
solutions of moderate or fairly high concentration show a small rise of K in 
KCl solution and a small loss in NaCl. Theses changes are almost immediate and 
within wide limits are unaffected by the duration of exposure, or the reaction 
or the temperature of the solution used. They show only slight inereas(\s with 
external concentration, unless the latter is very high indeed, wlien the increases 
are much greater. (2) Cells in solutions of high (8-8 or over) show a con- 
siderable change of cation and the change in cell K (whether increase in KCl 
or de(;rease in NaCl) increases with time and with rise of temperature. Similarly 
in neutral salt solutions of very high concentration changes in cell K with 
tim(i and temperature are very evident. 

It is thought that the small rapid changes of cell K observed in solutions of 
the first group occur in the undamaged cell, whilst the larger changes observed 
in the second group, which are greatly affected by thf? duration and temperature 
of suspension, indicate that cell damage has occurred. 

It may be said that little can be learned from exposing erythrocytes to 
grossly hypotonic or hypertonic solutions; yet it has been seen that very slight 
changes in cell K occur when cells are placed in solutions whose concentrations 
vary between 100 and 850 m.eq. and that such changes arc relatively unaffected 
by time, temperature or p^j . It therefore seems reasonable to conclude that no 
greater change of cell K would occur in solutions of physiological osmotic 
pressure. Furthiir, the small change in K of cells exposed to solutions of such 
varying concentrations, indicates how strongly human erythrocytes in salt solu- 
tions resist gain or loss of their contained cation. 

The cation content of erythrocytes suspended in solutions of glucose. 

Since cell cation changes very little when er 3 d-hrocytes are suspended in 
solutions of electrolyte, the effects of suspending cells in a solution of a non- 
electrolyte were investigated. It was found convenient to use a 7 % solution of 
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glucose, for, although its osmotic pressure is slightly higher than that of normal 
erythrocytes and it causes some immediate shrinkage, the subsequent diffusion 
of glucose into the cells increases their osmotic pressure and causes them to 
swell, so that after one hour’s suspension in 7 % glucose cell volume is 97 % of 
what it was before suspension. In such a solution a considerable loss of cell K 
occurs and this loss is greatly increased by raising the temperature or prolonging 
the time of suspension. 

Table V. 

0-1 mi. cpIIh ill 7 ml. ghicoae (7**^). Initial 6-6. 

“0” mill. 5 min. 00 min. 

GIuooso. GIucobc. Glucose. 


Temp. 

°0. 

Final external 
Pii 

Q 

Final external 
Ph 

Q 

Final external 
Vn 

Q 

5 



— 

— 

5 8 

0-83 

10 

— 

. _ 

- 

— 

5-8 

0*83 

20 

— 


— 

— 

(v4 

0-73 

24 

50 

003 

5-« 

0-90 

6-4 

0-58 

31 

5*6 

04U 

O'S 

0 «s 

7-8 

0 33 


It will be seen that the glucose solution was slightly acid when freshly pre- 
pared, its pjf being 6-4 to (Mi, If erythroci’tes are centrifuged out of such a 
solution after only a few moments’ suspension, the supernatant glucose becomes 
more? acid, but if‘ the cells and fluid arc* left in contact for an hour, the glucose 
shows a marked increases of (7-8- 8*0). There are several jiossihh^ factors con- 
cerned in these changes in reaction. Coulter 1 1924] remarks that this preliminary 
acid shift may arise from Cl~ pcuietrating the erythro(‘.yte membrane more 
rapidly than K ^ and thus escaping from the (‘ell more rajiidly, so that in fact 
hydrolysis of cell K(’l oc(‘urs rendering the (^xterior more acicl and the interior 
more alkaline. If eel! K and CJ are estimated after the erythroe/^de has been 
in glucose for 5 min. the loss of the former is 14 rn.ef|. and of the latter 
12-5 m.eq. These differences are hardly significant from the point of view of 
analysis, although it must be remembered that if 01 ml. of cells in 7 ml. of 
glucose loses an amount of chloride e(|uivalent to only 1 m.eq. per litre of cells, 
this amount of anion would more than suffice to change the of the glucose 
from ()-6 to 5-0. It is probable, howev(‘r, that the following mechanism is more 
im]>ortant. When erytlirocytes are susjKmdedin a solution of KCl, a proix)rtion 
of the contained CXlg and RCO3" diffuses outwards, the latter exchanging with 
external (X ", so that if the external solution wore at first neutral and unbuffered, 
it now becomes slightly alkaline. But if cells are placed in a solution of non- 
electrolyte like glucose, cell COg diffuses outwards, but, as there is no external 
anion with which cell can exchange, escape of the HOGS'* is checked 

by the electrostatic attraction of the more slowly permeating cell cation. Under 
these circumstances, the ionisation of the CO2 diffused outwards will make the 
external solution more acid. 

After one hour’s suspension in glucose at 3U, however, practically all cell 
chloride, about 45 m.eq. (and presumably about 13 m.eq. of cell HCO3"*’), has 
diffused outwards, while some 65 m.eq. of K have been lost, and the presence of 
this base-bicarbonate in the external solution renders it alkaline. 

These changes depending on the rapid permeation of CO2 or on the 
dissociated penetration of Cl"“ and K+ are best seen when the time of suspension 
is short, but they are also evident even when the suspension time is long, pro- 
vided that the temperature be low. Thus at lO*^, the glucose solution remains acid 
even after one hour, while at higher temperatures it becomes alkaline (Table V). 
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The effect of on the loss of cation from cells suspended in glucose solution. 

Table VI shows that erythrocytes lose cation much more rapidly when a 
trace of alkali is added to the glucose in which they are suspended. This effect 
is more evident when the period of suspension is short. The findings further 
confirm Morid’s observations that erythrocytes arc more ]x^Tineable to cation 
when suspended in solutions of high pjj . 


Table VJ. 

ErythrocyteB in dextrose solution, 7‘\, at 20'. 


Chicose initial j>xi Ohieost* initial 


1 line 
min. 

Final 

\ 

Q 

b'iiial 

Q 

5 

5-6 

0-94 

8-6 

(►•67 

60 

0-0 

0-64 

8-7 

0-51 


Temperature coefficient of potassium loss in glucose solution (Tabic V). The 
loss of K is small at low temperatures and the valutas for Q at lO"' and 20° an^ 
about the same. Between 20° and 30° however K loss is greatly accelerated. 
Thus the reciprocal of is 1*1 ; of 2*2. Tliese figures are similar to 

the temperature coefficient for diffusion oif phosphate* into (*rvthrocytes from 
phosphate solutions, which is 1*6 between 10" and 20" and 2-4 between 20° 
and 30° [Maizels, 1932]. 


The permeability of erythrocytes in glucose to wh ich 
KCl or NaCl has been added. 

The addition of quik* small amounts of KCl or NaCI gj*eatly decreases the 
loss of cell K. Thus the presence of only 11 m.eq. of K in the glucose solution 
markedly (h^lays the diffusion outwards of cell <;ation, so that after one* hour’s 
suspension cell K falls from 110 m.eq. to 94ra.eq., a decrease of only 14*5%. 
NaCl is almost as efficient as KCl in preventing cation loss (Table Vll). 


Table VII. 

Ci'Ha in glucose soJution with and without added .saUs, 7"“-30‘, time (»0 miii. 


Kxiernal 

ICxIornal 

External 


(Vll 



cation 

cation 

External 

volume 



species 

cone, m.eq. 

2^11 

, i> 

Q 

7-0 

0 

0 

8-(» 

94 

(>•37 

(vH 

K 

.3-5 

0-6 

i]r> 

0-6S 

(>•8 

Na 

5-5 

6-6 

116 

0-65 

(>•5 

K 

314) 

()•() 

125 

0 84 

(v5 

Na 

110 

6-6 

12.3 

0-80 

(i 1 

K 

220 

6-7 

192 

0-94 

(>l 

\a 

220 

6-7 

135 

0*88 


(‘hamjes in cell rolnrne in glucose solutions (Table ATI). If cells are centriiuged 
imin(*diately after sus]>ension in pure glucose solution, their volume shrinks to 
90 % of the original volume in plasma, for the (external solution is relatively 
hyjxTtonic. If the suspension is allowed to stand for one hour, however, some 
ol the glu('osf‘- diffuses into the cells, carrying water wdth it, so that the cell 
volume increases to 95 % . At this time cell glucose is about 3 % and no doubt 
cell volume would be much larger than appears were there not a simxiltaneous 
outflow of cell K and Cl. If however this outflow is prevented by adding KCl 
or NaCl to the glucose, (!(*11 swelling resulting from the glucose diffusx^d inwards 
is very ('vident. 
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Discussion. 

Hitherto, the effect of external concentration on the amount of anion gained 
or lost by unit volume of cells has been considered ; in what follows, the external 
concentration is compared with the concentration of ions within the cell, that 
is the concentration in the cell v^ater, the cell being at equilibrium with the 
external solution. The latter value may be obtained as follows: if one litre of 
original ceils after suspension in KCl solution changes to V litres containing a 
total of a;m.<^q. K, then one litre of suspended cells contains xjV m.eq. If the 
proportion of water in the original cell is a, then the amount of water in one litre 
of suspended cells is (F-l-f a)/ and this water contains xjV m.eq. K. There- 
fore the concentration of K per kg. of cell w^ater is :r/F-“ (F — 1 4-a)/F and so 
[K| = r/('c~-J -f-u), whi‘.re [K] is the concentration of cell K at equilibrium with 
the external sedution. 

In this way tJie concc‘ntrat ion of the cell constituents [S] has been determined 
wdiere = (CI1-^| HI)]. Hb has been taken as o m.eq. Cell water was 

l)9*i5 % . Results w^itc as follows. 


Ext(.'t‘iirtl K 
and (M 

V 

Intniial (K { 

Iiilernal [t'l] 

[Hl.J 



u 


in t‘q. 

m M 

s 

i<K» 


ill 

78 

5 


I7.‘. 


IST 

i:u 

K 


.‘MU 

osr. 


2:\2 

Hi 

.‘”.0.7 

r>j t 


422 

:y2:\ 

ir> 

700 


As tlu* external in this exfHTiment was 7-3 it ma\ b(‘ presumed that Hb 
is acting as an anion, and uud(T these circumstances (‘ell Ci“ should be less tlian 
external d", which is in fact the case, while cell should be greater than 
exku'nal K ^ , which is only the cas(' with th(‘ inor(‘ dilute (*xt(Tnal solutions: for 
wIkui the (\\tt‘rnal solution is more eoiu^entrated, cell | K] is l(‘ss than exti-rnal [K]. 
Further tlu' sum of (‘(dl [ K 1 4- [(dj -f [HbJ should roughly ecpial the sum of exkTiial 
f K] + [(i] or tw ice tlie concentration of external [KJ. As th(‘- cell is suapeiid(*d in 
70 times its voluim^ of KCi, other e(dl substane(^a like bicarbonate, urea etc. will 
dilfus(‘ outwards and thtu'r eon cent rations botii in tlie cell and external solution 
will be so low as to b(» nt'gligible. If, howT^vor, f^S'] (fluid) and [aS'J (cell) are com- 
pared, it will be seen that excoj)t in the low^est concentrations [N] (cell) is much 
lower than FS’| (Iluid), and tin* defickuiey far exceeds any possilde (‘xperiinental 
error. Furtlu^r, this d(di(iency becomes niore evident as the external concen- 
tration inen^ases. It may be ex^daiiK^d in one of five ways. 

(1) Presence of base in the, erythrocyte in addition to potasrsiu?n. It is usually 
stated tlmt human e(dls contain no base beside potassium, but according to 
recent work of Oberst [1935] thej" contain b(^tweeii b and 9 m.eq. Xa with an 
average of 7 m.eq. 

(2) Presence, of indiffusiblc compounds in the cell other than K, Na, Cl and Hb. 
The osmotic pressure of such substances in the (icll (complex organic phosphorus 
compounds, or proteins other than haemoglobin) is not likely to be signiheani 
and it is probable that compounds other than those? of K. Na, (d and Hb may be 
ignorc^d, 

(3) Increased activity coefficient of the inorganic ions. This is excluded by the 
work of Adair and Adair [1934]. 

(4) Relatively high osmotic coefficient of the haemoglobin. Except in very dilute 
solutions, haemoglobin exerts an osmotic pressure greater than w^ould have 
been anticipated from its molar concentration [Adair, 1928; 1935]. This 
effect would be most evident with concentration of cell Hb resulting from 
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suspending the cell in hypertonic solutions. Adair’s data apply to solutions 
of concentrations less than 5 mM and extrapolation is unsuited to the high 
concentrations found in the present experiments. However, as a rough approxi- 
mation it may be said that when the concentrations of [Hb] are respectively 
5, 8, 13 and 15 mM, the corresponding figures for [Hb]' in osmolar millimols 
are 9, 18, 34 and 46. Adding these vaUies for [HbJ and Oberst’s values for [Na] 
to cell [K] and [Cl] the value of S' is as follows : 


iS external 

200 

350 

750 

1028 


>V' internal 
205 
350 
605 
809 


It will be seen that the inclusion of Na and cornn^ted values for Hb still 
leaves a considerable deficiency in S (cell), while it cannot account for the obser- 
vation that cell [K] instead of being more than extcTnal [KJ is less. 

(5) Part of the cell water is hound by haemoglobin and only a proportion of 
wafer is free and available ns a solvent. If such w'ere the case, the value of S' (ct‘ll) 
would be correspontbngly increased. Ac(;ording to the (ionclusions of Hill [1930], 
however, about 98^^, of the total erythrocyte^ water is free. But it is possible 
so to interpret Hill’s data as to indicate that the ratio of free to total (^ell water 
is only 0*95 or even less. Hill estimates free water in the following manner: 
1 g. of a substance (NaCl, K(U, urea, sucrose, lactic* acid, succinic acid) is added 
to 100 g. of NaCl solution (1 %) and also to a quantity of erythrocytt*s ktiown 
to contain 100 g. of total water. The* dei)ressions of vapour pressure of each 
system are measured. If the ratio 

Vapour pressure depreHsion caused by a ddin g 1 g. Hohite to 100 ff. water in 1 Na(U solution 
Vapour pressure depression caused by adding 1 g. of solute to 100 g. water in corpusiles (or blood) 

is unity, it is concluded that all cell water is free. If the ratio is less than unity, 
some water is bound ; if it be greater than unity, then it is assumeil that the added 
substance *‘is somehow removed from free solution by the })resenee of oth('r 
bodies, e.g. by surface adsorption, or by ‘solution’ in or combination with the 
protein or lipins”. Hill’s r(‘sults for corpuscles and whole blood fall into three 
groups: lactic acid, succinic acid and urea give ratios greater than unity; the 
ratios for sucrose (three experiments) are 1*02, 1*02 and 0-94; for NaCi 0-99, 
0*95 and 0*955; and for KCl 0*93 and 0*97. The meaii of the sucrose, NaCl an(l 
KCl results are taken, indicating that less than 3 % of cell water is bound, it 
being assumed that these three substances are not adsorbed. This is probably 
not the case with HUcros(% and if the latter be excluded, the mean ratio for NaCl 
and KCl is 0*95, corresponding to 5 % of bound water, or less if any adsorption of 
Na(.3 or KCl occurs. Now if sucednate and lactate are adsorbed, then it is certain 
that chloride is also adsorbed to a significant extent. Indeed, according to Katz 
[1933] chloride is not less strongly adsorbed than are lactate and succinate with 
their h ydrophile groupings, and hence it follows, from the exj)eriments with NaCi 
and KCl, that bound water in the erythrocyte is greater than 5 % . Hill advances 
another argument against the existence of bound water: ‘‘If we regard as fixed 
the total number of ions or molecules present in a given amount of blood, and 
add water to it, the depression of vapour pressure observed at any stage should 
be inversely proportional to the total amount of free w^ater present at that 
stage. It is found that PF=a constant, P being the total osmotic pressure 
of all the dissolved constituents and V the volume of water in the solution. By 
plotting the ndation between 1/P and V and extrapolating it backwards to the 
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axis of V it is possible to determine the amount of ‘free’ water in the original 
blood”. The results so obtained in these experiments showed that 7, 8 and 0% 
of total cell water was bound (average 5%). The advantage of this second 
method lies in the apparent exclusion of adsorption effects. The results can 
however be interpreted in another fashion. If only part of the cell water were 
free, then, on adding water to cells, the resulting osmotic pressure would be less 
than anticipated from the known cell water content; but if the addition of 
water resulted in the removal of substances normally adsorbed on the cell, then 
the osmotic pressure of the system would be raised. With the addition of more 
water, further de-adsorption would occur, and over a small range of dilution the 
findings might simulate those expected on the assumption that all cell water 
were free and that no de-adsorption occurs. 

While the evidence against bound cell water is not conclusive there is certain 
evidence in its favour. Adair [1931] has shown that haemoglobin binds water: 
equilibration of dried haemoglobin with the vapour of saturated ammonium sul- 
phate gives 0*2 g. of bound water |K^r g. lib ; i he distribution of chloride between 
hatunoglobin in a c dlodion sac and an external solution of sodium chloride 
indicates 0*21 g. of bound water, while the figure obtained from det(Tminations 
of crystal density is (MS [Adair and Adair, 1934]. Again, according to Brooks 
[1934] 1 g of musek^ protein binds 0*3 g. of water. 100 ml. of normal erythro- 
cytes contain 30 g. of haemoglobin and this should bind 6 g. of water. In addition 
tluTc are other substances in cells (proteins, lipins) which might also bind a 
proportion of water. In Table VH 1 the concentrations of [K], fNa], [Cl] and [>S”] 
have been calculat(‘(l })er kg. of free cell water, it being assumed that bound water 
constitutes respectivi*ly o and 10% of the total water, corresponding to 0, 3*5 
and 7 g. of bound water pov 100 ml. of cells, ('ell water is 69*5%. 

AS” = [K]4-[Na]-f I ('!) + [ HbJ', where [Hb]' is the roughly corrected value for 
[Hb]: it has not beem furthtT corrected for the slight increase in Hb concen- 
tration implied in the assumption that part of the cell water is bound. [NaJ is 
derived from the values giv(‘n by Oberst [1935|. 

Table Vm. 


External eonet*ntration ni.eq. 


g. HgO/ieCml. 
cells 

Free Bound r 


1(K) 



17.5 



350 



514 


'fKI 

u.eq. 

LCij 

in.eq. 

l.S”] 

o.m. 

{'ki 

ni.cq. 

LCij 

m.eq. 

o.m. 

i'kj 

m.eq. 

ICl] 

m.eq. 

IN'] 

o.m. 

Ik] 

m.eq. 

icir 

m.eq. 

l.S'] 

o.m. 

(H)-5 0 

Ill 

7S 

2l>ri 

187 

134 

350 

320 

232 

604 

422 

323 

809 

660 3-5 

iir> 

81 

212 

198 

142 

372 

352 

255 

662 

471 

360 

900 

62-5 70 

119 

83 

217 

210 

151 

392 

390 

284 

736 

530 

407 

1023 


o.m. — osmolar milhmols. 


When discussing Hill’s experiments, it was suggested that the presence of 
bound water was conc(*aled by the simultaneous absorption of salt, and that 
Hill was really measuring the vapour pressure of a solution of imadsorbed ions 
and molecules in bound cell water. In the present experiments cell ions and 
molecules adsorbed and unadsorbed have bi^en measured and also the total 
cell water. If the suggestion that adsorption concealed the presence of bound 
water were correct, then 

unadsorbed iodh and molecules ^ i total cell ions and molecules 

should equal - ~ 


free cell water 


total cell water 



1980 


M. MAIZELS 


and each should equal the external concentration. Reference to Table VIII, 
line 1, shows that the ratio of the total cell content to the total cell water (S^) 
is roughly equivalent to the sum of external [K] and [Cl] in certain cases, being 
205 when external [K] and [Ci] are each 100 m.eq., and being 350 when external 
[K] and [Cl] are each 175 m.eq. But for higher concentrations the value for S' 
(cell) is, as has been seen, much less than S (external). 

It appears that in solutions of moderate concentration the adsorption of 
water and salts by Hb is approximately equal, but that with unlakod cells in 
more concentrated solutions water is more strongly adsorbed than salts. 
Further, as the apparent deficiency in S' (cell) be(‘omes more marked with 
increase of ext(*rnal concentration it is also nec(‘ssarv to c^on elude that the 
amount of bound cell water increases. This is probable: with increase of the 
external concentration the erythrocyte shrinks and wit h increasing I'oncentration 
of the contained haemoglobin more water will be bound. Thus Kunitz et aL 
[1933-34] have shown that Ig. of Hb In 6*3% solution binds 0*14 g, of w^ater, 
w^hilst in 10-45 % solution 1 g. binds 0*22 g. 

If then it is assumed that 6 or 7 g. of bound water per 100 ml. arc- prosemt 
in cells siisptmded in concentrated solutions, then the values of S within and 
without the cell would be roughly equal, whilst the concentration of cell [K] is 
greater than the external concentration, which should be the case under the 
conditions of experiment. 

The rate of permeation of cations info erythrocytes, Referenci- has already been 
made to the small and rapid changes in cation observed in cells suspended in 
solutions of KOI and NaCl. It has been noted that these chariges are almost 
immediate and are stable for j)eriods up to 4 hours; they arc sonu^w^iat afi’ected 
by the external concentration but only slightly by changes of teniperaturii b(‘* 
tw'een 8 and 33^. Th(-se cation changes of the first group are contrasted wdth the 
cation (hanges found in solutions of extreme hypertonicity or of marked alka- 
linity, where coll cation increases with time and also with temperature. Tin- 
findings in the first group also contrast with the findings in th(^ cas(‘ of ct-lls 
suspended in glucose solutions: for whilst erythrocytes suspended in a solution 
of potassium-free electrolyte like NaCl retain most of their potassium, [jotassium 
is lost fairly rapidly when the cells are ydaced in a i)otassjum-free non-electrolytt- 
like gluco.se, and this loss increases with time and with rise oi’ t(*mj)erature. In 
short, there arc certain small changes of cell cation which arc stable and other 
larger ehaiig(‘S which aj*e influenced b's^ time and temjxM-ature factors. It is sug- 
gested that whilst a part of the small increase of cell [R] in K(/I solution may 
be due to the presence of intercellular solution, and to (*ell penetration, some at 
least is due to combination of KCl with the materials of the cell membrane or to 
adsorption at the coll surface, whilst thodecr<?ase in NaCl solution may be due 
to displacement of pre-existing potassium from tlie coll membrane and its re- 
plaeenu-nt by Na. Davson [1934] rejects this j)ossibility in the case of ox 
(orpusclt-s, because the assumption implies a dilference of osmotic pressure 
l>(‘tween cells and the fluid in which they are suspendc^d ; but if one accepts the 
}>resemce of bound w^ater, this discrepancy will disappear. The only alternative 
to the previous suggestion is as follows: only a small part of the erythro(iyte 
interior is freely permeable to cations, while the greater })art is impermeable 
except in the presence of grossly hypertonic external solutions. The simplicity 
of structure of tlu^ erythrocyte makes this alternative improbable. 

If one assumes then that 5 % of K in the normal cell is present on the surface, 
and a further 5 % is adsorbed by cells in KCl solution, then in NaCl solution all 
the surface K will be replaced by Na, with an actual loss of 5 % of K. Apart 
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however from this surface cation, no other cation will pass in or out of the cell. 
In non-electrolyte solutions on the other hand surface cation will be removed 
and not replaced by any other cation. Under these circumstances all the con- 
tained cation will gradually leak out of the cell. 

It has been noted that the presence of only 11 m.eq. of K or Na in the 
('xternal glucose will delay the escape of cation and will actually maintain a 
concentration of 94 m.eq. of K per g. of cell water for over one hour, whilst 
sodium is almost as effective as potassium. It is suggested that as long as the 
cation (whether Na or K) in or on the cell membrane is preserved, so long will 
cation within the cell remain more or less intact, and as the amount of a sub- 
stance adsorbed from a solution decreases much less rapidly than the external 
concentration, a marked decrease of external salt might occur, without any 
significant decrease in adsorption. Alternatively, impermeability to cation 
might depend on the electrical charge on the cell, which is altered in pure glucose 
solution, but maintained if a small quantity of electrolyte be added. 

In the case of other species which lose cation more readily than human cells, 
this siirface action may be less important. Thus the er 3 d)hrocytos of dog and ox 
lose potassium in soduim-free elccjtrolyte solution, whilst human cells retain their 
cat ion even in solutiouvS consisting mainly of non -electrolytes, so long as a trace 
of (dectroJvte is present. 

Summary. 

1. Human (TV^throcytes arc* more resistant than the (;clls of other species 
to changt'rt in their cation content. In NaCU solutions a slight loss of K occurs 
and in KCl a slight gain (5-10%). The gain in KCl solutions increases slightly 
with cxtenuxl concentration, but is jjracticall^" unaffected by temperature, 
moderat<‘ changes ot‘ pjj or b^" duration of ex}) 08 ure up to 4 hours. It is sug- 
gost(Kl that thc.s(* small changes in cell cation may be due to adsorption. 

2. In solutions of moderate alkalinity (pj, 8'«V8*8) increased permeation of 
cation o(*curs, which is jirobably dependent on physical causes. 

3. In solutions of extreme concentration (514 m.eq.), or of marked alkalinity 
{ Pn more) or marked acidity' {p^i 5*6 or less), increased permeation of cation 
occurs as a result of cell damage. These changes in cell cation increase with 
temperature and with duration of exposure. 

4. In glucose solutions, COg at first diffuses out of the ceil more rapidly than 
base-bicarl)onate and renders the external solution acid. Thereafter, potassium 
and HCOa" diffuse out of the cell and the susj>ending fluid becomes neutral or 
slightly alkaline. The rate of loss of K from cells in glucose solution increases 
with time and temperature. If small quantities of KCl or NaCl are added to 
the external glucose, loss of cell K is greatly delayed and even after one hour s 
suspeiision the concentration of K in the erythrocyte will be eight times as great 
as the external concentration of K or Na. It is thought that the presence of 
small quantities of electrolyte in the external fluid delay de-adsorption or main- 
tain the charge on the cell surface and so prevent loss of cation. 

6. When cells are suspended in concentrated solutions of KCl, the internal 
concentration is apparently less than the external and it is necessary to assume 
that only 90% of cell water is free. 

My thanks are due to Mr G. S. Adair who has advised me on several points 
relating to the physical properties of haemoglobin. 
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Cytochro^m. The most outstanding contribution to our knowledge of the 
mechanism of the reaction in vivo of substrates with molecular oxygen was the 
theory advanced by Keilin [1925; 1929; 1930] in which he maintained that 
oxidised cytochrome was reduced by substrates in presence of their respc^ctive 
dehydrogenases, and that reduced cytochrome was oxidised by molecular oxygen 
in presence of the indophenol oxidase. The reaction between substrate and oxygen 
was thus regardc‘d as a process in two stages, one of which concerns the reduc- 
tion of cytochrome* and the other the oxidation of cj^-ochrome. The experimental 
basis for this theory is briefly the following: 

1. Bands of one or niort* of the cytochromes (a, by c) are visible* in practically 
all a(Tobic organisms and ceils. 

2. The alternate oxidation and reduction of cytochrome can be easily 
observed in living untreated cells of various organisms. For example by varying 
either the temperature or the oxyg(*n tension of a yeast suspension, cytochrome 
can b(* conv(»rted at will from the reduced to the oxidised form or vice versa. 

3. All factors which inhibit the activity of the dehydrogenase systems of the 
cell also d('lay tlu* reduction of oxidised cyt-ochrom<\ 

4. The cells of yeast, musclt* and other tissues contain an indophenol 
oxidase which catalyses the oxidation of both p-phenylenediamino and of 
cytochromes a and c. The activity of this oxidase is inhibited by very small 
concentrations of KCN and HgS, and by CO at high partial pressure and in the 
dark. The oxidation of c\i:o<*hrome is inhibited or abolished l)y the same factors 
which inhibit or abolish the activity of the indophenol oxidase. 

5. The oxidase-cytochromc system can be reconstructed from the oxidase 
of heart muscle preparations, and from cytochrome c extracted from baker's 
yeast. Neither oxidase nor cytochrome alone can oxidise cysteine to any appreci- 
able extent. When however cytochrome and oxidase are brought together, they 
form a powerful catalytic system which oxidises cysteine to cystine very rapidly 
indeed. 

6. There is a marked parallelism in natiu’e between the distribution of cyto- 
chrome, the distribution of the oxidase and the respiratory activity of the cell. 

Recently Haas [1934], by the use of an elegant spectroscopic technique, 
attempted to measure the quantitative role of cytochrome in the respiration of 
baker’s yeast. By determining the concentration of cytochrome in the yeast 
suspension, and the number of times per unit interval that each molecule of 
cytochrome is reduced and oxidised, he was able to calculate what percentage of 
the total respiration proceeds through cytochrome. Calculation showed that for 
baker’s yeast at 0"*, the observed rate of reduction and oxidation of cytochrome 
can account for the entire respiration — within the limits of experimental error, 

^ Beit Memorial Research Felloi^ . 

( 1983 ) 
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Yellow pigment. Warburg and Cliristian [1932, 1, 2] isolated a yellow 
pigment from bottom yeast with the following characteristics. It is a protein 
combined with a yellow prosthetic group and is capable of reversible oxidation 
and reduction. When a dilute solution of yellow pigment is added to the hexose- 
ixionophosphate dehydrogenase system of yeast or mamiualian red blood 
corpuscles, a vigorous oxygen uptake ensues, whereas in the absence of added 
carrier, the dehydrogenase system is incapable of reacting with molecular 
oxygen. Thus the yellow pigment can function as an intermediary between 
hexosemonophosphate and oxygen in exactly the same fashion as methylene 
blue. That is to say the oxidised form of the pigment is reducible by the dehydro- 
genase' system whilst the leuco-form is autoxidisable. 

The researches of Gy orgy et al. [1934], Euler and Adler [1934], Kuhn et al, 
[1934] and Euler, Adler and Schlotzer [1934] indicate that the yellow pigment 
or some simple derivative thereof is to be found in practically all types of 
animal, plant and bacterial cells. Warburg and Christian [1933, 2] determined 
the concentrations of yellow pigment in various bacteria and yeast. They found 
the yellow pigment in highest concentration in anaerobic organisms, and they 
concluded that the yellow pigment is concerned primarily in anatuobic processes. 
This conclusion was strengthened by the evidence of the “ Wc'chselzahT’ of the 
yellow pigment in vivo. Calculation showed that for the amount of yellow pig- 
ment present, a “Wechsclzahr^ of 4800 per minute was nc*c(‘ssary in the case of 
baker’s yeast, and of 19,000 minute in the case of B. pmte urianum in order 
that all the respiration should proceed by way of the yellow pigment. Since the 
observed " Wechselzahl” of the yellow pigment when reduced by the hexose- 
monophosphate system in vitro is about 30, only 1 /160th part of Uu‘ respiration 
of baker’s yeast, and 1 /630th part of the respiration of li. pasU nrianum (*an be 
assumed to involve the yellow pigment. That is to say the yellow j)igment cannot 
be of any quantitative importance in these two highly respiring micro-organisms. 
But calculation showed that the respkation of B. delhrucMi (normally anai'robic) 
in presence of hexosemonophosphate can be accounted for entirely on Ihf^ basis 
of the known rate of oxidation and reduction of the yellow pigme‘nt present in 
the cells. 

Flavin. Following Warburg and Christian's discovery of the yellow pigment 
Kuhn et al. [1933] succeeded in crystallising lactoflavin from milk and ovo- 
flavin from dried egg albumin. Both compounds were found to have the composi- 
tion Ci 7 Ha() 0 (jN 4 and to be related to the yellow jhgment in much the same way as 
haematin to haemoglobin. W’^agner-Jaurogg et al. [1933 ; 1934, 1,2,3; 1935 ( investi- 
gatc'd the power of animal cells to reduce flavin and found that tissue pulp or 
extracts can reduce flavin anaerobically in the presence of the following sub- 
strates — lactate, pyruvate, succinate, hexosemonophosphate, propaldehyde, 
glyccraldehydex^hosphate and citrate. However, the reduction process was 
rather slow compared with that of methylene blue. Analysis of the difference in 
the speeds of reduction of flavin by rat liver and frog muscle, both in presence 
of succinate, led Wagner- Jauregg et al. [1934, 1] to the discovery that the 
yellow pigment j)lays an important role in the reduction of flavin. There is 
ap})arently a dt'ficiency of yellow pigment in frog muscle and a comparative 
abundance in rat liver. The ability of the yellow pigment to catalyse the reduc- 
tion of flavin was well illustrated in experiments on the hexosemonophosphate 
system of yeast [Euler and Adler, 1934], With all components of the system 
present, but without yellow pigment, the time for complete reduction of a given 
amount of flavin w^as greater than 200 min. With yellow pigment present, the 
same amount of flavin was reduced in 9 min. Wagner- Jauregg et al, further 
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found that the yellow pigment effect was most pronounced with the following 
Bxxbstrates — hexosemonophosphate, hexosediphosphate, malate, lactate and 
citrate. 

Wagner- Jauregg et al. [1934, 1, 2, 3] have proposed the theory ‘‘daB das gelbe 
Ferment^ ein integrierende Bestandteil eine Reiho von Dehydrierungssystemcm 
ist It is difficult to understand the precise implication of this theory. We may 
conceive of the yellow pigment as actually combined with the dehydrogenase, and 
collaborating so to speak with the enzyme in activating substrates and catalysing 
the transfer of hydrogen, or wo may imagine that the yellow pigment is only 
another link between the substrate and the oxidising agent, though in no wise 
associated with th<^ enzyme. That is to say the dehydrogenase system reduces 
the yellow pigment, and the leuco-jugment formed reduces methylene blue, 
flavin or oxygen directly. Wagner- Jauregg further suggests that the cyanide- 
stable portion of respiration probably involves yellow pigment and flavin 
catalysis. 

Adler and Euler [1934 : 1935] have demonstrated that the enzpnic oxidation 
of both alcohol and glucose father by methylene blue, lactoflavin or molecular 
oxygen is catalysed by the j'cllow pigment. These investigators assume as well 
that tlu^ yellow pigment forms some sort of combination with the dehydrogenase 
and is in the strict sinise of the word a true enzyme. 

Glutathione. Hopkins j 1929J isolat(‘d crystalline glutathione from yeast, and 
Meldrum and Dixon [1930] studied its catalytic properties. The latter found that 
the autoxidation of glutathione depends on the cooi>oration of two factors, 
[)resent in traces as imj)uriti(‘s in the glutathione preparations: namely iron (or 
i’opj)er) and some Hubstanc<‘ al)le to form catalytically adive complexes with 
metals. The rate of o.xidation of crystalline glutathione is limited by the amount 
of th(»> second fatjtor jwesent, and not by th(^ iron. “Thermostable tissue prepara- 
tions” can reduce oxidisf'd glutathione although the tissue pn^.paration inhibits 
th(^ autoxidation of r(‘ducod glutathione. Gertain other proteins behave like the 
therm osta bio preparations in inactivating glutathione, as does fresh washed 
muscle. Hopkins and Elliot [1931], in a study of the relation of glutathione to 
cell respiration, established the following. (1) The reduction of disulphide in 
mammalian liv<T proceeds with great velocity and is so much more rapid than 
the oxidation process that all tlie glutathione remains as — SH until the store of 
metabolites is almost entirely depleted. (2) The I’eduction procjess is enzymic and 
is presumably brought about by certain of the dehydrogenase systems. The 
oxidation of reduced glutathione is non-enzymic as shown hy the fact that the 
rate of oxidation remains unchanged after the tissue* has been heated to 70” for 
an hour. The oxidising system is sensitive to cyanide and is probably iron in 
combination witli cysteine. 

Mann [1932] found that glutathione is reduced by glucose in presence of the 
glucose dehydrogenase, and more recently Meldrum and Tarr [1935] found that 

^ The iutroductiuii into the literature of terms such as yellow enzyme and ' * Zwischenferment " 
has brought about a great deal of confusion. The reference to the yellow pigment as an enzyme is 
purely on the basis of its protein nature and heat-lability. To be consistent, cytochromes a and b 
should likewise be called enzymes. It would be far more satisfactory and less confusing to reserve 
the term enzyme in the case of oxidation systems for the material which activates the substrate, 
and to refer to substances such as yellow pigment, cytochrome e.tc., merely as carriers. It is also 
regrettable that the new term “Zwischenforment** should be used to descrilio a dehydrogenase. 
Inasmuch as the term dehydrogenase has been used extensively in the last decade and has the 
virtue of specifying the nature of the catalysis, there is little reason for any change in nomen- 
clature. 

Bioohem. 1935 xxix 
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the hexosemonophosphatt^ system of yeast or mammalian red blood corpuscles 
can reduce glutathione very rapidly indeed. 

There are thus four generally distributed carriers which are presumed to be 
concerned in cellular respiration and it was the purpose of our experiments to 
determine to what extent these carriers can account for the reaction of substrates 
with molecular oxygen. In our opinion, the evidence for the r61e of any of these 
carriers was rather fragmentary and required considerable amplification. 

It is noteworthy that Keilin has shown that the reduction of cytochrom(‘ 
in vivo takes place in the presence of lactat(', succinate and glucose only. There 
are no data as to whether all the dehydrogenase systems as a class can reduce cjdo- 
chrome or can utilise the <\ytochrome-indophenol oxidase system for the reaction 
with molecular oxygen. Harrison [1931] reconstructcjd the system glucose 
oxidase-cytochrome-indophenol oxidase and claimed to have found it very 
active catalytically, but our experiments indicate that this effect may not be real. 

The theory that the yellow pigment is an integral part of the dehydrogenase 
complex rests entirely on the experimental fact that methylene blue or lacto- 
flavin is reduced more rapidly by dehydrogenase systems in presence of the yellow 
pigment than in its absence. This fact might equally well be interpreted to show 
that the ycdlow pigment is reduced more rapidly than either juethykme blue or 
lactoflavin, and that the leuco-pigment in consequence of its ntjgative potential 
can reduce directly either of the hydrogen acceptors. Considered from this point 
of view, the yellow pigment functions purel}^ as a carrier and not as an onzym(\ 
What is perhaps the weakest point of the theories of Wagner- Jauregg and 
Euler is that although in vitro yeUow j)igment can catalyse the cyanide- 
insensitive oxidation of both hexosemonophosphate and alcohol, in vivo both 
processes arc completely arrested by small concentrations of cyanide. The 
possibility must therefore be considered that the observed effects of yellow^ 
j)igment may be artificial in the sense that the catalysis does not take place 
within the cell. 

In the first part of this paper, the efTeets of glutathione, flavin, yellow pigment 
and cytochrome on the oxygen uptake of most of the known dehydrogenase systems 
are described. The second part includes miscellaneous exj)eriments dealing with 
the general question of the mechanism of the utilisation of molecular oxygen by 
dehydrogenase systems. 

Experimental. 

Manoymtric measnrtmerd of oxygen uptake. The usual Barcroft technique 
was employed with KOH-soaked filter paper in the centre pot, for the absorption 
of CCJg (Dixon, 1934J. The experiments were i>prformed at 37". The substrate 
was usually pipetted into Keilin cups and introduced into the main body of 
fluid after equilibration. All experiments were always performed at least twice 
and in most. easels more often. With oxygen uptakes more rapid than 500 /xl./hour, 
the rate of shaking of the manometirs was increased from 120 to 175 oscillations/ 
min. 

PrejHirafdons of enzymes. The method of preparation is described in the 
appropriate section for each enzyme. In general standard methods were used, 
though new methods were developed for preparing the lactic, glucose, succinic, 
mali(* and a-glycerophosphoric dehydrogenases. A high speed ball mill was 
found to ofle;r a successful means of extracting enzymes from yeasts We are 

» Th(> pioblein of extraditing enzymes from micro-organisms by the method of fine grinding is 
now Imng studied m extenso by one of us (I). E. G.) in collaboration with V. H. Booth. 
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indebted to J. W. Barnard of the National Institute for Medical Research for the 
loan of this ingenious steel ball mill, devised by Barnard and Hewlett [1911], 
Cakes of Delft or English baker’s yeast were plasraolysed with sodium chloride 
and ground in the ball mill for 15 min. at 1500 r.p.m. The charge of yeast was 
usually 20-25 ml. The suspension was removed from the mill and centrifuged 
hard for 30 min. The, viscous yellow fluid was carefully decanted and mixed 
with three volumes of saturated ammonium sulphate. The flue precipitate was 
filtered, collected on hardened paper and thoroughly dried by pressing out the 
moisture. The precipitate was then dissolved in about 20 ml. of phosphate buffer 
pjj 7*2. Methylene blue experiments disclosed the presence of fairly active 
lactic, a-glycerophosplioric, hexosemonophosphoric and hexo.sediphosphoric 
dehydrogenases as shown by Table I. 

Table I. 


Knzymo 

ml. 

Methylene 
blue, i /.5(M)0 
ml. 

(kjzymaHe 

400 iimlK ml. 
ml. 

Sub.strate. 1 ml. of J//10 

Time in min. 

1 

1 

or> 

— 

>30 

1 

1 

0*5 

Laetate 

1 

I 

1 

0*5 

Hexosemonophosphate 

4 

1 

1 

0*5 

Hoxosediphosphate 

4 

1 

1 


a-( Oy eerophosphate 

7 


Th(^ lactic (‘nzyme is particularly active. In some cases 1 ml. of the buffered 
(‘iizyme solution took up as much as 20(.K) pi. ox^^gen in one hour in presence of 
la(?tato and some suitabk* carrier. It is also intfTcsting to note that the extract 
of ground yeast contains the indophenol oxidase. The oxidase can oxidise 
p-ph(uiylene(liamine to the characteristic blue oxidation product but takes 
up oxygen slowly in presence of p-phen^lenediamine. 

Coenzymes. Cozymasi* was prepared by the method of Mjrrback [1933]. The 
purification process was earned as far as the precipitation with mercuric nitrate. 
The strengtli of the coenzyme solution was determined by comparing the rate of 
reduction of methylene blue by the glucose dehydrogenase system in presence of 
graded dilutions of the unknown solutions with the rate of reduction in pre8enc*e 
of graded dilutions of a standard cozymase solution kindly supplied to us by 
Dr Myrback. ISince the activity of the glucose dehydrogenase is proportional 
to the concentration of cozymase w ithin fairly wide limits, the method is capable 
of a high degree of accuracy. 

The hexosemonophosphate coenzyinc w'^as prepared from horse blood by the 
method of Warburg and Christian [1932, 2J. 

The lactic coenzyme from heart was prepared by the method of Banga et at. 
[1932]. When tested with various dehydrogenase systems, it failed to yield as 
satisfactory results as cozymase. Probably our cozymase solutions were more 
concentrated than were the solutions of lactic coferment. The comparison there- 
fore of relative activities may not be valid. 

Intermediary carriers. Cytochrome c was prepared by the method of Keilin 
[1930]. There is a tendency for c^dochrome in the form of the acid haematin 
to go into solution when being washed after SOg precipitation. It was found that 
washing with 1 % trichloroacetic acid rather than distilled water checked the 
tendency of precipitated cytochrome to dissolve and permitted very thorough 
extraction of all water-soluble impurities. The strengths of the oytoclirome 
solutions were determined by colorimetric comparison with standard solutions of 
pyridine-mesohatunoohromogen, the absorption spectrum of which is very similar 

126—2 
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to that of cytochrome . Since cytochrome solutions tend to deteriorate on standing 
for more than a fortnight even at 0°, the bulk of the precipitated cytochrome was 
left suspended in 1 % trichloroacetic acid and dissolved in alkali when required. 

Oxidised glutathione was prepared by the method of Pirie [1931]. 400 mg. 
were dissolved in 25 ml. of distilled water, the free acid was neutralised with 
NaOH and the volume made up to 100 ml. 

Solutions of purified lactoflavin were obtained from the I.G. Farlienindustrio 
through the courtesy of Prof. P, Gyorgy. The solutions, which contained 1 mg. 
in 2 ml., were dilutc'd to yield a final concentration of lOOy lactoflavin per ml. 
A sample of synthetic riboso-fiavin in a concentration of lOy per ml. was also 
used for comparison purposes. 

We are indebted to Prof. O. Warburg for his generous gifts of yellow pigment 
in the form of the crude and tlie purified preparations. The former was used as a 
20% solution, tlie latter as a 5% solution, both of which are equivalent to 15y 
lactoflavin per ml. 

Results. 

Succinic dehydrogenase and indophenol oxidase. These two enzymes are 
invariably concomitant in extracts of animal tissues, and the following methods 
of preparation apply to both. Ox or sheep heart was mincjed, washed with 
20 volumes of tap water at least 5 times and then ground with fine quartz sand 
in a mechanical mortar for 30 min. The resulting pulp was squeezed through 
muslin. The haemoglobin -rich liquid was brought topjj 4*6 with acetic acid and 
centrifuged for 10 min. The supernatant fluid W'as discarded and the colourless 
sediment was suspended in phosphate buft'er enzyme “solution’’ 

may be kept for a we(h at O"’ without serious loss of activity. 

The onz.yme “solution” prepared from ox heart contains an indophenol 
oxidase which is about twice as active as the succinoxidase whtireas tJie enzyme 
“solution” prepared from sheep heart contains the two enzymes in approxi- 
mately the same strengths (see Table IV), 

A succinoxidase wa.s also prepared from ox liver. Tfie fresh tissue was minced 
in a Latapie mincc'sr. The pulp was mixed with 3 volumes of Ringer’s solution and 
allowed to stand 30 min. before centrifuging. The supernatant fluid was mixed 
with 2 volumes of saturated ammonium sulphate solution and the precipitate 
filtered off. The precipitate was resuspended in saturated ammonium sulphate 
solution and filtered until dry on a Buchner funnel. The precipitate was then 
dissolved in phosphate buffer pjj 7*2. 

The potentials of the succinic-fumaric system are about 200 mv. more positive 
than those of flavin, yellow pigment and glutathione. Hence cytochrome alone 
of all the known intermediary carriers is thermodynamically capable of reduction 
by the succinoxidase system [Lehmann, 1929; Borsook and Schott, 1931; 
Kuhn and Moruzzi, 1934; Stem, 1934; Bierich et al., 1934; Green, 1933; 1934]. 


Table 11. The effect of KCN on the catalysis of the smeinoxidase of ox heart 
by methylene blue and cytochrome. 


Enzyme (ml) 

0-5 

0-5 

0-5 

0-5 

0-5 

0*5 

0*5 

0-5 

Suceinate. U^% 


1 

1 

1 

1 

1 

1 


Methylene blue, 

— 


0*2 

0-2 





KCN, i//20 


— 



0*1 

01 



01 



( 'ytochrome, 3 x 10"'^ M 

— 









0*5 

0*5 

0*5 

Difttillod water 

2-5 

1-5 

1-3 

1'2 

1*4 

1 

0*9 

2 

Oj 5 uptake (p,i./3C min.) 

% increase 

0 

230 

325 

279 

35*3 

825 

46*1 

16-0 

— 

— 

41 

21 

— 

260 

— 

— 
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Table III. The effect of varying cytochrome concentrations on the succinoxidase 

of ox heart. 


Enzyme (ml.) 

0‘5 

O-.'i 

0-6 

Of) 

0-5 

Succinate, 10% 

Oo 

or> 

OS 

or> 

0'5 

Cytochrome, 3 x 10“ “* M 

— 

0-5 

— 

— 

— 

Cytochrome, diluted J 

— 

— 

0-5 

— 

— 

(^tochromc, diluted J 

— 

— 

— 

0-5 


Cytochrome, diluted 

— 

— 

— 

— 

0*5 

Distilled water 

2 

1-5 

1-.5 

1-5 

1-5 

Ost uptake (/xL/30 min.) 

100 

43(i 

330 

304 

160 

% increase 

— 

.310 

220 

187 

61 



1 . The effect of ^wyillg cy tcxihroine concentrations on the oxygen up< ake of the succinoxidase 
of ox heart. (Joucentration of cytochrome 3 x IU~'‘ Ji. I, no cytochrome; H, diluted 
ni, diluted i; 1V\ diluU'd X, undiluted. 



Fig. 2, The effect of varying cytochrome concentrations on the oxygen uptake of the succinoxidase 
of Uver. Concentration of cytochrome 3 x 10^^ M, I, no cytochrome; II, diluted III, 
diluted 4^; IV, diluted J; V, undiluted. 
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Tables II and III and Fig. 1 show the effects of cytochrome and methylene 
blue on the oxygen uptake of ox heart succinoxidase. Methylene blue produces 
an increase of 40 % as compared with an increase of 260 % with cytochrome. It is 
int<Testing to note that cyanide in a final concentration of 3//000 has very little 
effect on the methylene blue catalysis although eompk'tely inhibiting the cyto- 
chrome catalysis. In Table 1\’^ there is a comparison of the effects of cytochrome 


Table IV. (^ompariam of the indophenol oxiddse and aurcinoxidase activities 
of ox and sheep heart preparations. 


Enzyme, ox heart (ml.) 

(1-.) 

o-r> 

0 .5 




Enzyme, sheep heart (ml.) 

— 

__ 

- 

<1 .1 

0-5 

()-5 

Sueeinate, 

p-Phenylenediamine, l(» mij. ml. 

- 

10 

1-0 

- 

10 

i-0 




0.1 

-- 

— 

i'ytoehrome, 3 ^ 1()~* .17 

- 

- 

1 0 


~ 

1-0 

Diatilled water 


I-.") 

0.1 

•> 

1-5 

0*5 

Oj uptake (fil./'M) min.) 
increase 

2jr> 

HO 

o:n 

4:>o 

17(1 

17.1 

:u() 

HI 


on the Hueemoxidase of ox and sheep heart. The uuTeast* with the former enzyme 
is 450 % and with the latt<T only 81 % . This diffenmee in tlu‘ magnitude of the 
effect has b(*en observed rejx'atedly. 

The liver succinoxidase takes up practically no o\\gen in prt^sence of the 
substrate atom*. Tables V and VI and Fig. 2 show the effect of cyto(*hrome on the 


Table V. The effect of cytochrome on the Jicir succin(^xidase. 


Enzyme (ml.) 

1 

1 

1 

1 

Sueeinate, 10”o 


0.1 

0 5 

- 

p-Phenyh‘nediamiiH‘, 10 mg./ml. 


- 


O'.l 

Cytoehrome, .3 v 10* * M 

— 

- 

0.1 

- 

Distilled water 

•> 

1*.1 

1 

I'.l 

(>2 uptake (pl./llO mm.) 

(1 

22 5 

111 

32 

increase 

- 


,300 

- 


Tabl(‘ \T. The effect of varying cytochrome concentrations on the succinoxidase 


Enzyme (ml.) 

i 

of Iwer. 

1 1 

1 

1 

1 

1 

Snecinatc, 10% 

0-5 

0*5 0*5 

0 5 

0 5 

0-.1 

0*5 

(ytoehrome, 3 x 

- 

1 

_ 

- 

- 


Oytoehrome, diluted h 

- 

~ 1 

- 

- 


— 

Cytochrome, diluted 1 
Cytochrome, dilut(‘d 1 


- 

1 

1 



Cytochrome, diluted J 



— 

— 

1 

— 

(Vtochrorae, diluted 


— 




1 

Distilled water 

1*5 

0*5 0*5 

0*5 

0*5 

0*5 

0*5 

0^ uptake (p]./.30 min.) 

K) 

205 14.5 

128 

91 

73*5 

40 

^*0 increase 

~ 

1180 810 

700 

470 

300 

1.50 


oxyg('n uptake. The increase in velocity is proportional to the concentration of 
added cytochrome*. It is noteworthy that although the activity of the indo- 
phonol oxidase as measured by the oxidation of j>-phonylenediamine is very low, 
nevertheless a large cytochrome effect is obtained. Since the indophenol oxidase 
is directly concerned in the oxidation of cytoclirome, the question arises how an 
effect of the magnitude observed with the liver preparation can be accounted for 
on the basis of a very feeble indophenol oxidase. The explanation lies in the 
fact that the* activity of th(* indophenol oxidase as measured by the oxidation of 
^>pher>yl(*ncdiamine seems to depend ujx)n the presence of cytochrome. Indeed 
if f‘ytochrome is added to any indophenol oxidase preparation, there is in- 
variably a large increase in the velocity of the oxygen uptake. Spectroscopically 
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it can also be shown that js-phenylonediamine reduces cytochrome directly. Thus 
it may be that jp-phenylenediamine is not acted upon by the enzyme directly 
except through the intennexiiation of cytochrome. That is to say p-phenylene- 
diamine reduces cytochrome, and reduced cytochrome is then oxidised under the 
influence of the indo 2 )henol oxidase. 

The experiments denser ibed oflor (dear proof (1) that the cytochrome- 
indophenol oxidases syst(^m catalyses the reaction of succinic acid with molecular 
oxygen, and (2) that when there is little cytochrome prestmt, as in the succin- 
oxidase of liver, there is no oxidation of succinic acid. The large blank in the ox 
and sheep h<^art preparations is probably due to the fairly high concentrations 
of cyto(dirome a, h and c already jwestmt. Tlu* greater magnitude of the cytochrome 
effec't in the case of ox heart succinoxidase is likewise probably due to the 
presenc(‘ of less eyti^ehrome than in the succinoxidase of sheep heart. 

It has been shown by Dixon [1927] that although the oxidation of sodium 
succinate is inhibited by cyanide it is not inhibited by CO whn^h inhibits the 
indo 2 )henol oxidase. Kcdlin [1929J sugg(‘stol the explanation that the indo- 
phenol oxidase, ])eing in much higluT concentration than succinoxidase, is 
never working at maximum velocity. Consequently^ the j)artial inhibition of the 
oxidas(‘ by CO cannot be d(‘tect-(‘d by changes in the oxygen ui)takc of the 
])reparation. 

Lactic thhydrogena^se . The enzyme was jirepared from fresh yeast by the 
nmthod of ball mill grinding described above. Th(‘ dehydrogenase in presen(.‘e of 
lactat(‘ will rculuce methylene blue without addition of cozymase. However, the 
addition of cozyraase usually increases the s])eed of reduction considerably, 
Fnrth('rmor<‘, in oxygen (‘xpiTimonts there is a tendency for the activity of the 
enzyme to fall ofl rapidly with time when no eoenzy^me is provided. It appears 
therefore* that tin* lactic enzyme of yeast is quite normal with respect to its 
dependence ujjon a (‘oenzyme and the incomplete depi‘ndence may be due to the 
fact that the coenzyme is either chemically bound or adsorbed in such a w^ay as 
to resist w^ashiiig out. 

Table VII shows the efleots of various carriers on the oxygen uptake of the 
lactic dehydrogenase. Only methylene blue and cytochrome are at all effective 


Table VH. I' he effects of methylene blue and natural carriers on the lactic 
dehydrogenase of yeast. 


Knzyme (ral.) 

0*5 

0*5 

0*5 

0*5 

0*5 

0*5 

0*5 

0*5 

0*5 

0*5 

0*5 

0*5 

Lactate, 1(»% 

— 

0*5 

0*5 

0*5 

0*5 

0*5 

— 

0*5 

0*5 

0*5 

0-5 

0*6 

Cozymase, 10 units/ml. 

0*5 

0*5 

0*5 

0*5 

0*5 

0*5 

0*5 

0*5 

0-5 

0*5 

0*5 

0*6 

Methylene blue, 1 

— 

— 

0*2 

0*2 

— 

— 

— 

— 

— 

— 

— 

— 

KCN, lf/20 

— 

— 

— 

0*1 

— 

— 

— 

— 

0*1 

— 

— . 

— 

Cytochrome, 3 x 1()~^ M 

— 

— 

— 

— 

0*5 

0*5 

0*5 


0*5 

— 

— 

— 

Indopheiiol oxidase 

— 

— 


— 

— 

0*5 

0*5 

0*5 

0*5 

— 

— 

— 

Yellow pigment, 5% 
Flavin, 100 y/ml. 

— 

— 

— 

— 

z 

— 



— 

— 

0*5 

0-5 



Glutathione, 100 mg. % 


— 

— 

— 

— 

— 

— 

— 

— 

— 

— 

0*5 

Distilled water 

2 

1*5 

1*3 

1*2 

1 

0*5 

1 

1 

0*4 

1 

1 

1 

Og uptake (^l./30 min.) 

% increase 

19*7 

08 

301 

302 

149 

412 

20*0 

04*5 

41 

00 

51 

56 

— 

— 

430 

430 

120 

507 

— 

— 

— 

— 

— 

— 


as respiratory carriers, the former producing an increase in the oxygen uptake 
of 430% and the latter an increase of 507%. Jf/600 cyanide has no effect 
whatsoever on the methylene blue catalysis but completely poisons the cyto- 
chrome catalysis. The addition of cytochrome without oxidase does increase 
the oxygen uptake from 68 /xL to 149 fxl., but it must be remembered that the 
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extracts of ground yeast contain a certain amount of indophenol oxidase although 
very small in comparison with the lactic enzyme. Reducing the concentration 
of cytochrome to one-quarter reduces the cytochrome oxidase effect almost by 
one-half‘. Table VIII and Fig. 3 show that the cytochrome effect is sustained 
with time. 


Table VIII. TM effect of varying cytochrome concentrations on the lactic 
dehydrogenase of yeast. 


Enzyme (ml.) 
('Jozymase, 10 units/in]. 
Lactate, 10% 
Indophenol oxidase 
Cytochrome, 3 x 10“^ M 
liistilled wat(‘r 
(>2 uptake ( /d./30 min.) 
% increase 


()•.“> 

0-5 

0-5 

0-5 

or> 


0-5 

0*5 

or> 

or> 

0*5 

0-5 



0-.5 

0*5 

0 5 



1 

0*5 

0-25 

1-.") 

0 

on 

0*75 

(.8 

430 

412 

250 



53.5 

507 

280 



Fl^^ 3. The effect of varying cytochrome concentrations on the oxyg(‘n uptake of the yeast lactic 

dehydrogenase. Concentration of cytochrome 3 x lO""* 1, no cytochrome; ll, 0-25 ml. 

cytochrome; III, 0*5 ml. cyto(;hromc; IV, 1 ml. cytochrome. 

OL-Glycerophosphate dehydroge'naste . The enzyme was prepared from Delft 
yeast by the method of grinding in the ball mill, and from the skeletal muscles 
of rabbit by the following method. The muscles dissected from the hind legs of a 
freshly killed rabbit were minced in a Latapie mincer. The pulp was washed several 
times with Ringer’s solution, ground with quartz sand for 30 min. and suspended 
in M /4 phosphate? buffer 7*2. The grinding must be very efficient in order to 
obtain a sufficiently homogeneous suspension which can be easily pijiotted. 
Numerous attempts were made to extract the enzyme from the tissue but none 
was successful. It appears that the a-glycerophosphate dehydrogenase is 
closely associated with tissue particles and cannot be brought into solution. 
Th(^ enzyme is six?cific for the a-form of glycerophosphoric acid. The product of 
oxidation is as yet unknown. Presumably it is glyceraldehydephosphoric 
acid. Both the yeast and the animal enzyme can reduce methylene blue or 
oxygen in presence of a-glycerophosphate. No coenzyme is required. The 
addition of cozymase or any other coferment has no effect on the velocity of 
oxidation. 
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Tables IX, X, XI and XII contain the pertinent data for the a-glycero- 
phosphate enzymes of yeast and muscle. The small increases occasioned by 
methylene blue rather indicate that the enzymes are both aerobic oxidases. The 


Table IX. The effects of ^neihylene blue and> intermediary carriers on the 
^-glycerophosphate dehydrogenase, of rabbit muscle. 


Enzymo (ml.) 

1 

1 

1 

1 

1 

a-Glycorophosphate, iM / 1 0 


0 5 

0-5 

0*5 

0-5 

Mctiiylone blue, 1 % 
(Cytochrome. 3 x 

— 

— 

0-2 

— 

— 

— 

- 

— 

0-5 

— 

Yellow ]ugment, o^(, 

— 


— 

— 

0 r> 

Distilled water 

2 

1-5 

J‘3 

1 

1 

(>2 uptake mm.) 

10 

115 

ir»7 

38 

ih; 

% iiieroase 

— 

— 

30-5 

— 

— 


Table X. The effects of KCX and glutathione on the ^.-glycerophosphate 
dehydrogenase of rabbit mmcJc. 


Kiv/yme (ml.) 

1 

1 

1 

a (llv'('eroj»ho^j>hal<*. .1/ /JO 

O-.^ 

Oo 

0-5 

K(’N, M too 


o*r> 

— 

< ilutathioiie (GSH(i), L’0() mg 

* 


0 5 

Distilled Mfitei’ 

1 5 

1 

1 

( uptaKe (fd. 30 unu.'i 


75 

105 

ilKTf'HSe 

— 

— . 

lO-o 


Tabl(‘ XI. The efficts of K(X (final concentration 2Id}00) on the a-glycero- 
phosphate dehydrogenase of yeast. 


Kn/yiue (ml.) 

1 

1 

7-(0\ (rropiiosphate, .1// JO 

0*5 

0 5 

K(’X, i//100 

— 

0'5 

Distilled >\at(‘r 

1*5 

1 

Oj uptake (/d. .30 min.) 

lot 

50 


Tabl(' Xll. The effects of methylene blue and intermediary carriers o7i the 
oL-glycerophosphate dehydrogenase of yeast. 


Enzyme (ml.) 

I 

1 

1 

1 

1 

1 

a-(Tlycero])hosf)hate, M 10 

— 

0*5 

0-5 

0-5 

0-5 

0-5 

Metiiylmie blue, 1 

- 

- 

0 2 

- 


— 

(^V’^toohrome, .3 x 10"'^ M 


— 

— 

0'5 

— 


Indoplicnol oxidase 

— 


- 

0-5 

— 

— 

YelJo\\ pigment, 5% 

— 


— 

— 

0-5 

— 

Flavm, 1(H) y/rnl. 

— 

— 

__ 

— 

— 

0-5 

Distilled water 

2 

lo 

1-3 

0-5 

1 

1 

Ojj uptakt' (pl./3() min.) 

0 

m 

1(X) 

84 

57 

00 

‘If,) iiKM'ease 

— 

— 

42 

— 

— 

— 


ability to react directly with oxygen can never be eliminated by any amount of 
washing, precipitation etc, if/OOO KCN inliibits the enz^nne of rabbit muscle 
20 % , and the enzyme of yeast 40 % . Cytochrome, yellow pigment and flavin 
have, if anything, inhibitory effects on the velocity of oxygen uptake. Glu- 
tathione, in several experiments, was found to increase the oxygen uptake 
slightly but definitely although there was no evidenc?t‘ that glutathione could be 
reduced anaerobically by the a-glycerophosphate system. 

Formic dthydrogmase* The enzyme was prepared from Boot, coli by the 
method of Stickland [1929] and stored at 0'’. 

Table XIII shows the effect of intermediary carriers on the oxygen uptake. 
The blank of the preparation in absence of formate is rather high (50 ph in 
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Table XIII. The effect of methylene blue and intertnediary 
formic dehydrogenase from Bact. coli. 

carriers on the 

Enzyme (ral.) 1 

1 

1 

1 

1 

1 1 

1 

1 

1 

1 

Formate, 10% — 

1 

1 

1 

1 

1 1 

1 

— 

Methylene blue, 1 % — 

— 


0-2 

0-2 

- — 



— 

KON, J//20 — 

— 

01 

— 

01 

— — 

— 

— 

— 

Yellow pigment, 5% — 

— 

— 

— 

— 

0-5 - 

' - 


— 

Flavin, lOOy/ml. 

— 

— 

— 

— 

0-5 

0-5 

— 

— 

(ilutathione, 100 mg. % ~ 

— 

— 

— 


— — 


— - 

Cytochrome, 3 x 10“'* J/ — 

— 

— 

— 

- 

— 


0-5 

0-5 

Indo phenol oxidase — 

— 


— 



— 

0-5 

0-5 

Distilled water 2 

1 

0-9 

0-8 

0-7 

0-5 0-5 

0-5 

0 

1 

Og uptake (p,l./45 min.) 49-5 

57 

41 

161 

10(5 

80-5 (59 

57 

97 

88*5 


45 min.) and the addition of formate hardly increases this value. M(‘thylene blue 
increases the rate of formate oxidation about fifteenfold . M /(iOO KCN inhibits 
the methylene blue catalysis by about 50%. Flavin, glutathione and cyto- 
chrome hav(^ very small effects on the oxygen uptake. Little significance can be 
attached to effects of such magnitude. The effc^ct of yellow pigment is definite^ 
though small. It should be jiointed out that thert^ is no effect of these carriers on 
the blank reaction, and that the effecit is entirely on the oxidation of formate*. 

The formic enzyme solution contains the entire formic activity of the bacbTial 
susxiension used in the profiaration [Stickland, 1929J as measured by methylc'iie 
blue redu(;tion. It was of interest therefore to compare the redaction with molt*- 
cular oxygen of a given amount of formic enzyme with the equivalent, amount of 
enzyme in the intact bacterial cells. Table XI shows this comiiarison. 


Table XIV. Comparison of (he activities of Bact. coli, tohiene treated 
Bact. coli, and formic d^ehydrogenase from Bact. coli. 


Enzyme (ml.) 

Bact. CA)l% (ml.) 

Bact. coll (toluene-treated) (ml.) 
Formate, 10% 

Methylene blue, 1 % 

Distilled water 
Og ujitake (fil./30 min.) 


1 1 


1 


1 

J 

57 


1 

0’2 — 

0'8 2 

IGl (*>5 


1 

I 


J 


1 2 

194 0 


J 

1 


1 

123 5 


Methylene blue enables the cell-free enzyme to react with oxygen at the same 
speed as that in presence of the natural carrier in vivo. The table offers another 
proof that neither yellow pigment, flavin, cytochrome nor glutathione can be 
identical with the natural carrier for the formic enzyme in Bact. coli. 

Hexosemonophosphate dehydrogenase. The enzyme was obtained from three 
sources: (1) horse corpuscles washed thrice with 0*9%NaCl and laked with 
distilled water, (2) dialysed yeast juice, and (3) the ammonium sulphate precipi- 
tat(^ of dialysed yeast juice. Considerable difficulty was encountered in the 
Xjroparationof the enzyme from maceration extract of bottom yeast by the method 
of Warburg and Christian [1932, 2], the final preparations being rather inactive. 
None of the preparations from the above three sources attained the activity 
recorded by Warburg and Christian. However, the activities were sufficiently 
high to test the action of intermediary carriers. The coferment from horse 
corpuscles was used in all the experiments quoted below. Euler and Adler 
[1934] have claimed that cozymase can replace the Warburg coferment in the 
hexosemonophosphate system. Our experience has been that, in aerobic experi- 
ments, the two coferments are not equivalent. A sample of cozymase (400 Co 
units per ml.) which enabled the glucose system to work at maximum velocity 
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was hardly as efficient as cnide Warburg coferment in the hexosemonophosphato 
system. 

Table XV shows the effects of methykme blue, yellow pigment, flavin, 
glutathione and cj^tochrome on the aerobic oxidation of hexosemonophosphate 
by the enzyme of horse corpuscles. Yellow pigment and methylene blue are 
extremely active, in accordance with the findings of Warburg and Christian 
[1932, 2], but flavin, glutathione and cytochrome are inactive. 

Table XV, The effects of methylene blvs and intermediary carriers on the 
hexosemonophosphate dehydrogenase of horse corpuscles. 

Enzynio (ml.) 1 1 1 I I I 1 

Warl)ur^r cofennoiit I 1 1 I 1 1 1 

HexoHomonophosphato (1*35 Jl/ 0-2 0 2 0 2 — 0-2 0-2 0-2 

Mrthylonp blue, 0*1 - -- -- — — 

Oytuchromp, .3 > 10*”'* M — — 0*4 0*4 — - — 

Tridophenol oxidase - 0 3 0-3 — — — 

Yellow pigment, - — — 0-3 — — 

Flavin, 20y/nil. — — -- — - - 0*3 — 

fUuiatiiione, 400 mg. — — -- - - -- 0-5 

Oisfilled water 0*8 0-3 0*1 0*3 O-.j 0*5 0*3 

(>2 uptake {/m 1./30 min.) 14 292 0 0 157 21 15 

In exficrirnents with the hexosemonophosphate enzyme from the two other 
sources, rnz. dialvvsed yeast juice and the animoniiim sulphatt^ precipitate of 
y(*ast juic(\ yellow pigment w'as again found to be the only natural carrier with 
positiv(‘ eff(‘ct. 

Meldrum and Tarr 1 1935] have found that the hexosemonophosphate system 
can reduce glutathione either aerobically or anaerobically. The inability of 
glutathione to act as an aerobic carrier must therefore be due to its slowmess of 
autoxidation under the experimental conditions obtaining. 

II exosedi phosphate dehydrogenase. It is generally assumed that the same 
dehydrogenase activat(^s both hexosemonophosphate and hexosediphosphate. 
There are tiiree lines of evidence in favour of this view. (1) Tlie two enzymes 
always accompany oiu' another. (2) The Warburg eoferment from horse cor- 
puscles is required by both enzymes. (3) The reactions of the two enzymes to- 
wards yellow j)igment, methylene blue, KCN etc.^ are more or less similar. While 
investigating the possibility of obtaining a hexosemonophosphate enzyme from 
sources other than yeast or red blood cells, w^e observed that the ratio 

activity towards hexo.Hemonophosphate 
activity towards hexosediphosphate 

varied widely. In some cases the hexosediphosphate system was far more 
active, in other cases the reverse was true. The question of the identity of these 
two enzymes requires therefore further investigation. 

Enzymes can be prepared from liver, h'eart and other tissues which will reduce 
methylene blue fairly rapidly in presence of Warburg eoferment and hexosedi- 
phosphate. Unfortunately the reaction of these enzymes with molecular oxygen 
in presence of methylene blue or yellow pigment is feeble and falls off rapidly 
with time. Horse corpuscles were found to offer the most satisfactory source of 
the enzyme. 

Table XVI contains the data for the hexosediphosphate system. Yellow 
pigment produces the greatest increase (220 %). Methylene blue and glutathione 
are somewhat less effective. The flavin catalysis is smaU. The cytochrome control 
experiment shows that the cytochrome-indophenol oxidase system has no effect 
on the oxygen uptake. 
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Table XVI. The effects of methylene, blue and intermediary carriers on the 
hexosediphos 2 )hate dehydrogenase. 


Enzyme (ml.) 

1*5 

1*5 

1*5 

1*5 

1*5 

1*5 

1*5 

Warburg coferment 

or> 

0-5 

0-6 

0*5 

0*5 

0*5 

0*5 

Hexosediphosphate 

0-3 

0*3 

0*3 

— 

03 

0-3 

0*3 

Methylene blue, 0*1 % 
Yellow pigment, 5 % 

— 

0*5 

— 

— 

— 

— 

— 


— 

— 

— 

0-5 

— 

— 

Flavin, 20y/ral. 

— 

— 


— 

— 

0*5 

— 

Glutathione, 400 mg. % 

— 

- - 

— 

- „ 

— 

— 

0*5 

Cytochrome, 3 x 10“* M 

— 

— 

0-3 

0 3 


— 

— 

Indophenol oxidase 

— 

— 

0*4 

04 

— 

- 

— 

3>is tilled water 

()-7 

0*2 

0 

0*3 

0-2 

0*2 

0-2 

Og uptake (/xl./30 nun.) 

% increase 

26-5 

67*5 

34*4 

10*4 

83*5 

4iV0 

72-5 


158 

— 

— 

220 

73 

177 


Glucose deJiydrogenase. The 01123^010 was prepared from liver (1) by the 
standard method of Harrison [1933] and (2) by our own method. Finely minced 
liver was dried in r>acuo, ground to a fine jjowder and suspended in water for 
30 min. The murk3’^ solution was centrifug(^d and the precipitate discaixled. 
The supernatant fluid was dialysed for 2 days against distilh'd water (4 ehang(\s) 
and then fully saturated with ammonium sulphate. The precipitate was filt^*red 
off and dried in vacuo. The preparation can be kept for several months at O'* 
without much loss of activity. The enzyme was prepared for nse bv grinding this 
liver powder with jdiosphate buffer p^l‘2 and centrifuging dovii insoluble 
material. 

Cozymaso was ustnl in preference to the Harrison coenzyme since it can be 
prepared in a comparatively pure and concentrated state. 

Tables XVII, XVUl, XIX show the effet^ts of the various (carriers on the 
oxidation of glucose b3^ the enz3nne of dried liv(T. Meth3d(‘ne blue incrc^ases the 
oxygen uptake two- or three-fold and Jf /OOO K(^X augments this catalysis. 
Flavin and c.ytochrome have practically no effect. Yellow f)igment and glu- 
tatJuonc both produce definite increases. Tables XX shows a more pronounced 
yellow pigment effect with another preparation of dried liver. The magnitude of 

Table XVII. The effects of tnethylene blue and cytochrome on the. glucose 

dehydrogenase. 


Enzyme (ml.) 

1 

1 

1 

1 

Cozyma.se, 83 umts/nil. 

0*5 

0*5 

0*5 

or* 

Glu(*ose, 3 M 

0*5 

0‘5 

0*5 


Methyhme blue, 0*1 ^^0 

— 

0-5 

— 

— 

Gyt.ochrome, 3 x 10~^ M 

— 

— 

0*5 

0*6 

liidoplionol oxidase 

Distilled w^ater 

— 

— 

0*5 

0*5 

1 

0*5 

0 

0*5 

0^ u])take (p,l./30 min.) 
increaso 

40 

138 

40*7 

30 

— 

256 

— 

— 


Table XV^IIT. The effects of intermediary carriers and cyanide on the glucose 

dehydrogenase. 


Knzyme (ml.) 1 1 

Cozymane, 400 unitH/'ml. 0*5 0-5 

Glm ose, 3 ill — 0-5 

Methylene blue, 0*1 % — 

KCM; il//lOC ... 

Yellow pif^meiit, 5% — — 

Flavin, lOy/ml. — 

r)i«<tUlcd water 1-5 1 

Uj uptake (pl./30 min.) 63 128 

% increase — 


1 

1 

1 

1 

1 

0*5 

0*5 

0*5 

0*5 

0*5 

0*5 

0*5 

0*5 

0*5 

0*5 

0*5 

0*5 

- 





— 

0*5 

— 

— 



— 

— 

0*5 


0*5 

— 

— 

— 

0*5 

0*5 

0*5 

0 

0*5 

0*5 

0 

391 

417 

146 

134 

102 

206 

226 

— 

— 

27 
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Table XIX. The effect of methylene blm and intermediary carriers on the 

glucose dehydrogenase. 


Enzyme (ml.) 

1 

1 

1 

1 

Cozymaso, 83 units/ml. 

0*5 

0*5 

0-5 

0*5 

Glucose, 33/ 

0*5 

0*5 

0-5 

0*5 

Methylene blue, 0*1 

- 

0-5 

__ 

— 

Flavin, 20y/ml. 


— 

Oo 

— 

(Jlutathiorie, 400 nig. 

— 

— 

— 

0*5 

Distilled water 

1 

0*5 

0.7 

0*5 

Og uptake (ftl./SO min.) 

7H 

330 

88 

90 

% increase 

— 

324 

— 

23 


Table XX. The effect of yellow pigment on the glucose, dehydrogenase , 


Enzyme (ml.) 

0*5 

0-5 

C'ozymast*, 400 unit s/ml. 

0*5 

0-5 

(ilueose, 33/ 

0 3 

0*3 

Yellow pignu'nt, 20% 

— 

0*5 

Distilled water 

1*7 

1*2 

Og uptake (/xl./30 min.) 

102 

204 

increase 


100 


the oflect seems to be somewhat variable and dependent upon the particular 
preparation. 

Adli'f and Euler [1935J have already observe^d the increase of the glucose 
oxidation by yellow pigimuit. Their theoretical conclusions from this observation 
will be disouss(Hl elsewhere. 

Han*ison [193IJ product‘d evidence that the cytochrome-indo phenol oxidase 
syst(^m Ciitalyses th(‘ reaction of glucose with molecular oxygen in presence of the 
enzyme. We have been unabh^ to confirm his results using various preparations 
of the glucose enzyme, of cozymase, of the glucose coenzyme, of cytochrome and 
of the indoplKiUol oxidase. Tables XXI and XXII compare the actions of the 
(cytochrome- indophenol oxidase system on the Harrison enzyme and on the 
dried liver preparation, if anything the cytochrome-indophonol oxidase system 
is inhibitory. It should be mentioned that in all experiments involving the 


Table XXI . The effects of cytochrome and indophemol oxidase on the glucose 
dehydrogenase, (Harrison enzyme,) 


Enzyme (ml.) 0*5 

Cozymaso, 4(M) ujiits/inl. 0-5 

Glucose, 33/ — 

*Cytoohrome (1), 3 x 10"* 3i — 

’“Cytochrome (2), 3 x 10“*3/ — 

Indophenol oxidase — 

Distilled water 2 

Ojj uptake {/[il./30 min.) 23*5 

* C^d/oohrorne (1), fresh. 


0*5 

0*5 

0*5 

0-5 

0*5 

0*5 

0*5 

0*5 

0*5 

0*5 

0-3 

0*3 

— 

0*3 

— 


1 

1 

— 

— 


— 

— 

1 

1 

— 

0*7 

0*7 

07 

0*7 

1*7 

0 

0*3 

0 

0*3 

49*4 

32*5 

29*1 

35 

39 


Cytochrome (2), old stock. 


Table XXII. The effects of cytochrome and indophenol oxidase on the glucose 
dehydrogenase, (Dried liver enzyme,) 


Enzyme (ml.) 

0*5 

0*5 

0*5 

0*5 

0*5 

0*5 

CJozymase, 400 units/ml. 

0*5 

0*5 

0*5 

0*5 

0*5 

0*6 

Glucose, 33/ 

— 

0*3 

0*3 

— 

0*3 

— 

♦Cytochrome (1), 3 x 10~* M 


— 

1 

1 

— 

— 

♦Cytochrome (2), 3 x 10~*3/ 
Indophenol oxidase 

Distilled water 

— 

— 

— 

— 

1 

1 

2 

1*7 

0*7 

0 

0*7 

0*3 

0*7 

0 

0*7 

0*3 

Og uptake (/il./30 min.) 

46*5 

98 

70*0 

38*4 

86 

34*4 


* Cytochrome (1), fresh. Cytochrome (2), old stock. 
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addition of cytochrome and the oxidase, those components had been previously 
tested for activity with the succinoxidase or lactic enzyme, and unless an increase 
in the oxygen uptake of several hundred per cent, was obtained, they were not 
used with other systems. There have been cases in which the addition of cyto- 
chrome and indophenol oxidase increased the oxygen uptake two- or three-fold, 
but in all such cases appropriate controls disclosed (1) that the effect was to a 
great extent independent of the presence of glucose and (2) that the total effect 
was the sum of the individual effects of cytochrome or oxidase. 

Mann [1932] observed the anaerobic reduction of oxidised glutathione by the 
glucose system. The relative inefficiency of glutathione as an aerobic carrier in 
this system once again must be referred to the sluggish autoxidation of the 
reduced form under the conditions of tlie experiment. 

Aerobic oxidases. 

This class of oxidising enzymes is capable of reacting directly with molecular 
oxygen in the complete absence of intermediary carrier. Some of the aerobic 
oxidases, like xanthine oxidase, reduce methylene blue or any other suitable 
hydrogen acceptor; the rest, like the urico-oxidase, are specific for molecular 
oxygen. It was considered of int/crest to test the effect of natural carriers on the 
oxygen uptake of three representative aerobic oxidases — xanthine, urico- and 
amino-acid oxidases. 

Xanthine oxidase. The enzyme was prejmred from whey by the method of 
Dixon and Kodama [1926]. The dried powder was dissolved in phosphate buffer 
pjj 7*2 and used directly. Table XXIII contains the data for the xanthine 

Table XXIII. The effects of methylene blue and intermediary carriers on the 

xanthine oxidase, 

Kiizymc* (ml.) 1*5 1*5 15 15 15 

Hypoxanthiiie, M/IO — 0-3 0*3 0*3 0*3 

Methylene blue, 0* 1 % — 0*5 -- - 

Cytochrome, 3 X 10~^ i/ — -- — 0*5 

Indophenol ox id aHO 0 5 

Yellow pigment, 5 — — , - _ 0-5 

Flavin, lOOy/ml. -- — -- — — 

Glutathione, 400 mg./lOO ml. — — — 

Distilled water 1*5 1*2 0*7 0*2 0*7 

(K uptake, pl./30 min.) 0 93-5 110 104 108 

increase — — 23*4 10*0 15 

oxidase system. Methylene blue increases the oxygen uptake 25%. All the 
other positive effects are too small to merit any attention. Flavin in the con- 
centration used exerts a strong inhibition. Green and Dixon [1934] have shown 
that the flavin present in milk cannot account for the reaction of xanthine 
oxidase with molecular oxygen. 

Urico-oxidase. The enzyme was prepared from pig liver by extracting with 
acetone, pulverising the dried residue and suspending 1 g. in 10 ml. of borate 
buffer pjj 8-5. The uric acid was suspended in buffer of the same pjj in a con- 
centration of 10 mg. per ml. As the oxidation proceeds, the suspended uric acid 
gradually goes into solution. Table XXIV shows that none of the natural 
intermediary carriers has any effect. 

A mino-acid oxidase. The enzyme was prepared from pig kidney by the method 
of Krebs [1935]. Table XXV shows that the oxidation of alanine is not affected 
appreciably by any of the natural carriers, ilf/600 KCN has no inhibitory effect, 
in agreement with the findings of Krebs [1933], 


1*5 1*5 

0*3 e 3 


0*5 

0*5 

0*7 0*7 

23*2 80 
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Table XXIV. The effects of intermediary carriers on the urico-oxidase {2 Exps.). 


Knzyme (ml.) 

2 

2 

2 

2 

2 

1 

1 

1 

Uric acid, 10 mg./inl. 

— 

0-,5 

0-5 

0-5 

()-5 

0'5 

0*5 

— 

Cytochrome, 11 x i0“^ M 

.... 

— , 

— 


— 

— 

0-5 

0*5 

Indophenol oxidase 

— 

— 

— 

— 

— 

0-5 

0*5 

0*5 

Yellow pigment, 20% 

— 

— 

0*5 

— 

— 

— 

— 

— 

Flavin, 20y/ml. 

- 

- . 



0*5 

— 





— 

Glutathione, 400 mg./l(X)mI. 

— 

— 

— 

— 

0*5 

— 

— 

— 

Distilled water 

1 

Oo 

0 

0 

0 

1 

0'5 

1 

(>2 uptake (pl./30 rain.) 

05 

:ii4 

330 

315 

318 

240 

218 

83-4 


Table XXV. The effects of methylene blue and. intermediary carriers on the 
amino-acid oxidme (3 Exps.). 


Enzyme (pn 8) (ml.) hC) 

1-5 

1*5 

15 

1-5 

1-5 

1-5 

1-5 

1 

1 

1 

1 

Alanine, M/5 — 

0-5 

0-5 

0-5 

— 

0-5 

0-5 

— 

0-5 

0-5 

0-5 

0-5 

Methylene bine, 0-1% 


0*5 


— 


— 

— 


— 

— 

— 

KCN, M/100 — 

Cytochrome, 3 X 10~^ M 

— 

— 

— 

— 

— 

— 

— 

— 

— 

— 

0-5 

— 

— 

0-5 

0-5 

— 

— 

— 

— 


— 

— 

liidophenoi oxidaH<} 



0-5 

0-5 

— 

— 

— 

— 

— 

— 

— 

Yellow pigment, r)% 

- 


— 


— 

— 

— 

— 

0-5 

— 

— 

Flavin, 20y/Tnl. 


- 


— 

0*5 

— 

— 

— 

— 

— 



Glutathione, 4(K)mg./100iril. - 

— 


— 

— 

— 

0-5 

0-5 

— 

— 

— 

— 

Distilled water I-.") 

1 

0-5 

0 

0-5 

0-5 

0-5 


1-5 

1 

1-5 

1 

Oj uptake (pl./30 min.) 10 5 

147 

140 

181 

40 

134 

189 

28 

230 

210 

290 

338 


Malic dehydrogenase. The method of preparation from ox heart is identical 
with that of the indophenol oxidase (‘xcept that prolonged centrifuging is 
Hid).stituted for prec'ipitation by acetic acid. The sediment is re-suspended in 
phosphate* buffer p^ 7-2. Szent-Gydrgy’s lactic coferment or cozymase is 
required for the activity of the malic system. The enzyme is very labile indeed 
and the activity falls off rapidly in presence of oxygen and the substrate*. 
Table XXVI shows that flavin and yellow pigment both increase the oxygen 

Tabic* XX \7. The effects of intermediary carriers on the 7rmlic 


Enzyme (ml.) 

dehydrogenase. 

1 1 1 

1 

1 

1 

1 

Cozymase, 400 uiiits/ml. 

1 1 

1 

1 

1 

1 

1 

Malate, IM 

0-5 

0-5 

— 

0-5 

0-5 

0-5 

(Vtochrome, 3 x lO"*^ 

— 

0-5 

0-5 

— 

— 

— 

b ellow pigiuoiit, 20*^0 

— 


— 

0-5 

— 

__ 

Flavin, 1 mg./lO ml. 

— 

.. 

— 

— 

0-5 

— 

Glutathione, 400 mg./ 100 ml. 

__ 

— 

— 


— 

0-5 

Distilled water 

1 0-5 

0 

0-5 

— 

— 

— 

(>2 uptake (pl./30 min.) 

% increase 

14-8 38 

72 

37 

72 

114 

38 

— — 

— 

“ 

90 

200 

— 


uptake by 200 and 90 % respectively. Tliis is the first case in w^hich flavin is 
more efficient than yellow pigment. The magnitude of the flavin effect depends 
upon the concentration. When the* amount of flavin added is reduced to lOy, 
the effect becomes very small. Consideration of the control experiment with 
cjdochrome and indophenol oxidase discloses that there is no appreciable effect 
on the malic oxidation. 

Quantitative proportions of enzynm in animal tissues and yeast. 

In evaluating the quantitative rOle which a natural carrier plays in respira- 
tion, it is not only necessary to establish which of the various oxidising systems 
utilise this carrier but also what proportion of tlie total respiration these 
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oxidising systems constitute. Booth, Green and Og8ton,in unptiblished work, have 
att€>mpted to estimate quantitatively the amounts of the various dehydrogenase 
and oxidase systems in different tissues. They have found that the most active 
dehydrogenase systems in practically all tissues are the succinic, hexosemono- 
phosphoric, hexosediphosphoric and a-glycerophosphoric. The lactic and malic 
systems are much weaker, whilst the citric, alcohol and aldehyde systems are 
quantitatively negligible. There are of course certain enzymes which are very 
active in one particular tissue but do not have a general distribution, e.g, the 
glucose enzyme in liver, the urico-oxidase and amino-acid oxidase in liver and 
kidney, or the xanthine oxidase in liver. 

In Pai’t II (p. 2005), the relative strengths of different dehydrogenases 
in intact yeast are shown. The principal enz3maes are the lactic, hexosemono- 
phosphoric, hexosediphosphoric, a-glycerophosphoric and alcohol dehydro- 
genases. Whether the oxidation of glucose involves a special glucose dehydro- 
genase or whether the glucose becomes phosphorylated prior to oxidation is un- 
certain. If the first alternative is correct, then the glucose enzyme is on(^ of the 
most active. In yeast the succinic, malic, formic, xanthine, citric and amino- 
acid enzymes have very little activity and it is doubtful whether they are e\ en 
present. 

Thus it appears that the important cytochiome-reducing system in animal 
colls is the succinic, whilst in aerobic yeast the lactic takes the })lae<' of the 
succinic. 

Wc have been unable thus far to obtain active citric, alcohol and glutamic 
dehydrogenases. However, with the exception of the alcohol system in yeast , 
these dehydrogenases are quantitatively unimportant. Unfortunately the mali(‘ 
and hexosediphosphoric (mzyme systems we have worked with were not com- 
pletely satisfactory from the point of view of activity. The results obtained with 
these two enzymes must therefore be considered with reservations. It is hoped 
to verify the observed effects with more potent enzyme preparations. 

DlSCUSSlOK. 

Table XXVII summarises the results for the various dehydrogenase and 
oxidase systems. 

The experiments with the different dehydrogenase systems disclose the 
extraordinary fact that of the 1 1 systems studied only the succinic and lactic 
can utilise cytochrome and indoplienol oxidase for the in vitro reaction with 
molecular oxygen, ifow can this fact be reconciled with the general theory of 
Keilin ? 

The evidence that Keilin [1925; 1929; 1930] has adduced in favour of the view 
that dehydrogenases as a class react with molecular oxygen by means of cytochrome 
consists of the two observations, (1) that cells or tissues in anaerobiosis maintain 
cytocliromc in the reduced state and (2) that agent .s like ethylurethane which 
inhibit the action of dehydrogenases have a similar effect on the reduction of 
cytochrome. When dealing with cells or tissues oxidising a variety of substrates, 
then* is no way of deciding which particular substrate is reducing cytochrome. 
If, for example, yeast cells are found to reduce cytochrome in anaerobiosis, the 
effect may be brought about by one system, two systems or a group of systems. 
The spectroscopic observation of whole cells therefor© can provide little informa- 
tion (joncerning the substance or substances reacting with cytochrome. Further- 
more, the fact that ethyl urethane and other reagents affect dehydrogenases in 
the same way as they affect the in vivo reduction of cjrtochrome does not 



REACTION OF SUBSTRATES WITH OXYGEN. I 2001 



Table XXVII. 







Uarriers 




Yellow 



(Gluta- 

Methylene 

Knzyme 

pigment 

Flavin 

(Cytochrome 

thione 

blue 

I^actir 

0 

0 

4 ^ + 

0 

4- 4- 4- 4- 

Hcxosemotiopho8]}hori(' 

f -1 

0 

0 

0 

4- f 4- -f 

Hexo'^ediphosphoric 


+ 

0 

4" 4' 4- 

4- -t 4- 

a -GJy ( ‘cro ph OHpb on r 

0 

0 

0 

0 

4- 

Fonnir 

-1 

0 

0 

0 

f 4- 4- 4- 

Suri’inif: 

0 

0 

4-4-4 4- 

0 

4 'I' 4- 

Xanthino 

0 

0 

0 

0 

4 

Uric 

0 

0 

0 

0 

0 

Arnmo-acid 

0 

0 

0 

0 

0 

(JIUOOKC 

1 + f 

0 or + 

0 

0 or 4- 

4- 4- 4- 4- 

Malic 


■+ h -1- 

0 

0 

4 4- + 


0 r- 

increase 




+- - 

increasi' 




t -1 

increase 




-f 4- 4- - 

IOO'-2(KU*^j increase 

* 



i 4- - 

>20f)^\, increase 




iK^cessarily imply that all dehydrog('nasf‘S must roduoe cytochrome. The observa- 
tion otters proof that sonu‘ dehydrogenase or grou]) of dehydrogenases is in- 
volved but the ac'tual number of systems cannot be deduced from the observa- 
tion. When Keilin |]029] washed and aerated yeast as thoroughly as possible, 
h(* found only two substrates which inen^ased the speed of tlie blank reduction 
of eytoehronie, namely lactate and glucose. If it be assumed that glucose on 
oxidation giv<\s rise to lacdic acid, th(*re is complete^ agreement between our 
ri'sults and those of Keilin. That is to say the lactic is tlu^ principal and perhaps 
only system in yeast utilising cytochrome and the indo phenol oxidase. Spectro- 
scopic observation of waslied lieart mus(ile showed that of a large number of 
substratt\s tried only succinic acid had any appreciable effect on the rate of 
redaction of cytochrome. Here again our results and those of Keilin are in 
agreemumt in designating succinic acid as the principal substrate of the cyto- 
clirome system in animal tissues. 

There is tli<». possibility that the in viiu* reduction of cytochrome by dehydro- 
genas(' systems (the succinic; and lactic excepted) is not direct but involves a 
(jhain of reactions the first of which concerns the substrate and the last cyto- 
chrome. If siich were the case then it would be impossible to couple dehydro- 
genases in vitro with the cjdochrome-indophenol oxidase system unless the 
hypothetical factors concerned in the links between cjdochrome and the 
substrate were likewise supplied. There is however no evidence for the existence 
of any intermediary links. 

Goszy and Szent-Gydrgyi [1934] have suggested that the succinic-fuinarie 
system acts as a link between the cytochrome system and substrates in the 
following fashion. Succinate becomes oxidised to fiimarate at the expense of the 
reduction of cytochrome. Fumarate then reacts with some metabolite such as 
lactate to yield p^TUvate and succinate. In this scheme only a small amount of 
the succinic-fumaric system is necessary to oxidise a comparatively large amount 
of substrate. Furthermore, the scheme allows of the entire respiration proceeding 
through cytochrome without the necessity of a direct reaction between cyto- 
chrome and the substrate. Green et (d. [1934] showed that reactions between 
dehydrogenase systems do not proceed unless a suitable carrier is provided. The 
theory of Goszy and Szent-Gyorgyi amounts to the statement that the succinic- 
fumaric system can react directly with the lactic-pj^nvic system in absence of a 

Biochem. 1935 xxix 1-7 
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carrier provided that the fumaric acid is supplied in the nascent state. In the 
experiments of Green et ah the fumaric acid was added directly and did not 
arise by oxidation. Experiments designed to test the theory are described in 
Part li (p. 2005). No evidence was forthcoming that the theory is correct. 

Warburg et al, [1933] have recently suggested that oxygen reacts with the 
substrate through 5 links in the following order: (1) Atmiingsferment (i.e. 
indophenol oxidase), (2) some unknown haematin and (3), (4) and (5) the three 
components of cytochrome. One of the three compontnts of cytochrome, let us 
say c, is reduced by the substrate; c in turn reduces comj)onent b etc., until the 
Atmungsferment is finally reduced. Assuming the theory to be correct, the 
objection may be raised to our experiments that unless the three cytochromes 
are all present, there is no way of testing whether a particular dehydrogenase 
react with the (ytochrome system. It is true that only cytochrome c is added in 
the in vitro experiments. But the indophenol oxidase wliich is likewise abided 
contains definite though small amounts of b and a, the reduced l)ands of which are 
easily seen with a hand spectroscope. Thus in all experiments the three com- 
ponents of c^’tochrome are present, albeit in disproportionate amounts. Further- 
more if the presence of all three components in similar (concentration is required, 
it is difficult to explain the enormous catalyses produced by cytochrome c in the 
succinic and lactic systems. 

It is interesting to calculate how many times per minute each molecule of 
(cytochrome is reduced and oxidised by the lactic dehydrogenase-indophenol 
oxidase system. Under optimum conditions^, the oxygen uptake with 1ml. of 
1 X M cytochrome c is 200 /xl. per 10 min. or 20 jul. per min. Sin(*(^ a millimol 
of Fe is equivalent to 5600 /xl. of oxygen 

1 ml. of IQ-^M cytochrome = - — — - /xl. Og, 

‘ ‘ Wechselzahl ” = ~ = 35-7/rain. 

Warburg [1934] calculated the number to be 4000 in the intact yeast ceil or 
roughly 100 times as large as in the reconstructed system. This difference is 
hardly surprising and probably finds its explanation in the fact that the spatial 
configuration of intact cells cannot be dujdicated in vitro. 

The yellow pigment of bottom yeast has high catalytic activity with respect 
to the hexosemonophosphate, hexosedipbosphate, glucose and malate dehydro- 
genases. Since the first two systems are quantitatively imjiortant in animal and 
yeast cells, the role of the yellow pigment in respiration should i)e very consider- 
able, provided that the same catalyses occur in the cell. Part II of this series 
shows that the Qq^ of baker’s yeast in presence of hexosomonoj)ho8phate or 
hexosedipbosphate is of the same order of magnitude as the maximum Qq^ in 
presence of glucose or lactate. Hence if the ‘ ‘ Wechselzahl ’ ’ of the yellow pigment 
is too small to account for more than 0*5 % of the respiration of baker’s yeast, it 
must similarly be too small to account for the oxidation of the very substrates 
with which yellow pigment is presumed to deal. 

A point of great importance which remains unknown is whether the yellow 
])igments of animal cells have similar catalytic properties to those of the bottom 
yeast pigment. The alternate oxidation and reduction of yellow pigment in 
animal cells has not yet bt'cn demonstrated. It is therefore pr(*mature to 
speculate* about the r61e of the yellow pigment in animal cells. 

Flavin is practically completely inactive with respect to all systems except 

^ By optiraum ootiditions are implied excess of lactic dehydrogenase and indophenol oxidase, 
excess of coeiizyme and pure oxygen instead of air. 
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the malic. The theory that the vitamin action of flavin is associated with 
oxidation-reduction y)roperties receives little experimental support. 

Glutath ione presents an entirely different pro blem from that of the other natural 
carriers. When yellow pigment, flavin and cytochrome are inactive, it moans that 
the reduction of tht^se carriers is too slow. But in the case of glutathione and 
systems like the hexosemonophosphate, hexosediphosphate and glucose, the 
limiting factor is not the reduction process but rather the oxidation j)rocess. 
Where glutathione plays a role in respiration, there must be some substance or 
enzyme system which can catalyse the reaction of n^duced glutathione with 
molecular oxygen. It remains for futun* research to ascertain t})e mechanism 
which the cell possesses for the oxidation of glutathione. 


Summary. 

1. The ability of cytochrome c, glutathione, flavin and yellow pigment to 
catalyse the reac'tion of 1 1 d(‘hydrogenase or oxidase systems with molecular 
oxyg(*n has been tested. 

Cytochrome c has catalytic activity only with tlu' succinoxidase of animal 
tissue's and the lactic de*hydrog(‘nas(‘ of yeast. The “ Wechselzalil ’’ of cyto- 
chrome c wlum being reduced and oxidised at maximum velocity is 35 p(T min. 

Glutathione, althoiigl) rapidly reduced by the glucose and hexosemono- 
phos])hate dehydrog('nases, has little (dlect on the oxygen uptake. The limiting 
factor is the rate of autoxidation. Glutathione increases the redaction rate of the 
hexos(Kliphosphate sy.stein with molecular oxygem. 

Yellow i)igm(mt show's very high (catalytic activity towards the glucose, 
hexost‘monophos})hate. maiate and hexosediphosjdiate systems. 

Flavin is inactive towards all sysU^ms except the malic dehydrogenase. 

2. New methods for preparing tlu' lactic, succinic, a-glycerophosphoric, 
glucost^ and malic (hdiydrogenases are des(Tibed. The utility of a steel ball mill 
for the extraction of enzymes from yeast is shown. 

One of us (F. J . O.) is indebted to the Department of Scientific and Industrial 
Research for a grant. 
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{Received July 1st, 1935,) 

I. The effect of cyanide on oxidations by baker’s yeast. 

There is an extensive literature dealing with the effect of cyanide on the total 
respiration of various cells. Scanty information is available, howewer, on the 
effect of cyanide on the oxidation of known substrates by intact cells. 

If a particular oxidation in vivo is not cyanide -sensitive, it is reasonable to 
conclude that this oxidation is not catalysed by C 3 rtochrome and the indophenol 
oxidase. On th(‘ other hand a positive cyanide effect can mean either that the 
(‘vtochrome system or that some other cyanide-siTisitive system is involved. That 
is to say cyanide inhilhiion is not a specific indicator of cytochrome catalysis. 
Oomplet(‘ proof of the working of the c^ioehrome syst(‘m requires the demonstra- 
tion not only (d‘ inhibition by cyanide Init also of inhibition by HgS, CO and 
NaN.,, and of the reversal of CO inhibition by light of a definite wave-length. 

With the exception of Warburg’s [1927] study of the oxidation of alcohol, glucose 
and acetic acid by baker’s yeast, there has bcK^^n no thorough analysis of the 
fiffects of various inhibitors on the oxidations of particular substrates. 

Experimental. In order to reduce the residual respiration to a minimum, 
l)(‘lft yeast was washed twice with 15 volumes of tap water, suspended in i//5 
phosphate buffer pjj 7*2 and aiTated vigorously for 6 hours. The yeast was 

Table 1. The effect of cyanide (final concentration MjGOO) on the metabolism 

of bakeFs yeast. 

Yeast (mi.) 111111111111 

Kffl, A//KH) -■ O d -- 0 5 — 0-5 - O o — 0-5 - 0-5 

Laotate, 10 — — 0-5 0*5 — — — — — — — — 

Hcxo8emonopho8ph.,0*;ir) Ji — — — — 011 0-3 — - -- — 

Hexosediphosph., Mj W ~ ■ - - 0 3 3 — — - — 

a-GIycorophosphato, y//10 -- ~ — — — — — — 0 5 0.5 — — 

Oluooets 1 — -- -- - — — li’5 0*5 

Distilled water 2 1-5 1*5 I 1*7 1*2 1*7 1*2 1*5 1 1*5 1 

Og uptake (ul./30 min.) 05-5 20-4 570 54 298 25 123 41 149 56*5 306 65*5 

% inhibition _ ^ 95 - 100 ~ 75 - 64 — 84 

♦ In the glueose exjieriments, the manometers were filled with pure oxygen instead of air in order to minimise 
fermentation and the production of GDg • 

Table IL The effect of cyanide (final concentration M/6W) on the oxidation 
of alcohol by Delft yeast. 


Yeast (ml,) 

0*5 

0*5 

0*5 

KCN, M/m 

— 

0*5 

— 

Alcohol, JH/10 

— 

— 

0*5 

Distilled water 

2*5 

2 

*■> 

Og uptake (pl./SO rain.) 

85 

90 

405 

% inhibition 

] 
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centrifuged and resuspended in fresh phosphate buffer. Tables I and II show the 
effects of cyanide on the oxidations of lactate, hexosemonophosphate, hexosedi- 
phosphate, a-glycerophosphate, glucose and alcohol. Jf/600 cyanide was used 
since trial experiments showed that this concentration was not high enough for 
toxic action and not low enough for submaximuna inhibition. The results show 
almost complete inhibition of all the systems studied except the a-glycero- 
phosphate which was inhibited to the extent of only 64 % in this experiment. 
The percentage inhibition is calculated from the following formula : 

% inhibition — 

IQQ oxy/;;cn uptake of substrate in cyanide - oxyjren uptake o f blank in cyanide 
oxygen uptake of substrate ~ oxygen uptake of l)lank 

There is a certain amount of variability in the magnitude of the cyanide 
inhibition, but experiment has shown that there is a rule governing this 
variability. If for some reason (as yet unknown) a particular dehydrogenase is 
not active in a given sample of yeast, the small increase over the blank uptake is 
cither very slightly or not at all affected by addition of cyanide. When, however, 
the enzyme is found active in other samples of yeast, the large increase over the 
blank reaction is largely eliminated by addition of cyanide. No oxidation has yet 
been found which under proper conditions was not largely inhibitc'd by 3/ /606 
cyanide. 

The effect of cyanide on the oxidations of yeast suspended in 3f/5 KH2PO4 
was tried and the results were found to be similar to those in Table 1. 

The oxidations of hypoxanthine, succinate, formate, acetaldehyde and malate 
by Delft yeast were found to be insufficiently rapid to permit accurate measure- 
ment of the effect of cyanide. 

The cyanide inhibitions observed raise the following questions. If tin* 
oxidation of hexosemonophosphate or hexosediphosphate involves yellow pig- 
ment catalysis, why is the catalysis cyanide -sensitive in vivo when there is no 
effect of cyanide on the isolated dehydrogenase system ? If the cyanide-sensitivity 
in vivo is taken to mean the operation of a cytochrome catalysis, why cannot the 
hexosephosphate dehydrogenase systems couple in vitro with c^dochromc and the 
indophenol oxidase? Warburg [1928J, in referring to the question of the number 
of ‘‘ Atmungsfermente”, makes a distinction between experiments on isolated 
systems and on living cells, and states that effects which obtain with the one do 
not necessarily obtain with the other. This may be the answer to the dilemma 
arising from the cyanide experiments, though it is by no means certain. 

All the evidence points to the alcohol dehydrogenase of baker's yeast reacting 
with molecular oxygen by way of cytochrome and the “ Atmungsferment ’’ [War- 
burg, 1927]. The oxidation is sensitive both to CO and cyanide. Further, the 
partition constant for the oxidation of alcohol in presence of different mixtures 
of CO and Og is identical within the limits of experimental error with that of 
the ‘‘ Atmuiigsferment”. Adler and Euler [1934] have demonstrated that the 
alcohol dehydrogenase in vitro can react with molecular oxygen through the 
intcTtnediation of yellow pigment, and they have concluded that the dehydro- 
genase normally functions in association with ‘‘Flavinenzym It appt^ars, how- 
ever, that this catalysis may be artificial and may not take place in the living cell. 

II. The metabolism of bottom yeast. 

This organism offers excellent material for testing some aspects of the 
theories of cellular resxjiration. It is normally anaerobic and contains a relatively 
large quantity of yellow xjigment (20 mg. photoderivative/kg, dry weight, 



REACTION OF SUBSTRATES WITH OXYGEN. II 2007 


Warburg and Christian, [1933]), but no cytochrome or indophenol oxidase. 
According to Windisch [1932] the Qq^ of bottom yeast varies from 1 to 4 whilst 
the between the limits of 80*and 120. 

The question arose whether the low Qqq^ of bottom yeast is due to a deficiency 
in some important component of the aerobic mechanism rather than to the 
complete absence of respiratory systems. The following experiments were carried 
out with a view to elucidating the causes of the low of bottom yeast. 


Experimental. 

Bottom yeast was obtained from (1) a Belgian brewery and (2) Barclay, 
Perkins and Co. Ltd., London. The j^east was washed by decantation at least 
5 times with 20 volumes of tap water, and finally suspended in Af/4 phosphate 
buffer at pjj 7-2. 

Tables III-VHl summarise tlie experiments dealing with the metabolism of 
the English and Bc’igian samples of bottom yeast. The most active dehydro- 
genase systems arc^ the hexosemonoj^hosphate, hexosediphosphate, lactate, 
glucose and pyruvate. The effects of luiclition of Warburg coferment and 
pyocyanine show clearly that the missing components of the resj)iratory com- 
})lement are (1) coenzyme and (2) intermediary carrier. By supplying the 
deficient elements, the oxygen uptake can be increased as much as tenfold. 
Pyocyanine is far more efficiemt as a carrier than nu^thylene blue. Flavin has 
cither no c‘ff(H^t or a slight inhibitory effect. It is notc^worthy that cozymase is 
not equivalent to Warburg coferment in increasing the velocity of the oxidation 
of hexosemonophosphate. This observation agrees with our experience of the 
unequal effects of cozymase and of Warburg coferment on the isolatc^d dehydro- 
genase system. 


Table III. Metabolism of bottom yeast (Belgian). Oxidation of lactic acid. 


Yeast (ml.) 

0-5 

0-5 

0*5 

0*5 

0*5 

Lactate, 10% 

— 

0-5 

0-5 

0*5 

0*5 

Methylene blue, 1/5(MJ0 

— 

— 

or) 

— 

— 

Pyocyanine, 1/5000 

— 

— 

— 

0-5 

0*5 

CozymaHO, 33 uiiita/inl. 

— 

— 

— 

- 

0*5 

Distilled water 

2*5 

2 

1*5 

1*5 

1 

(>2 uptake (fil./30 min.) 

20'3 

43-2 

01 

120 

108 


Table IV. Metabolism of bottom yeast (English). Oxidation of hexose 

monophosjfhate . 


Yeast (ml.) 

1 

1 

1 

1 

1 

1 

1 

1 

Hexosemonophosph., 0-35 M 


— 

0*3 

— 

0*3 

0*3 

0*3 

0*3 

Warburg ('oferment 

— 

— 

— 

0*5 

0*5 

0*5 

— 

0*5 

Pyocyanine, 1/5000 

— 

0-5 

0*5 

— 

— 

0*5 

— 

0*5 

Flavin, lOy^ml. 

— 

— 

— 

— 

— 

— 

— 

Distilled water 

2 

1-5 

1*2 

1*5 

1*2 

0*7 

1*7 

0-7 

Oj uptake (/Lil./30 min.) 

28 

41 

154 

52 

77 

172 

24 

44 


Table V. Metabolism of bottom yeast (Belgian). Oxidation of hexose- 

monaphosphate. 


Yeast (ml.) 

1 

1 

1 

1 

1 

Hexosemonophosph., 0*35 M 

0*3 

0*3 

0*3 

0*3 

03 

Wai’burg coferment 

-- 

— 

0*5 

0*5 

— 

Pyocyanine, 1/5000 

— 

0-5 

0*5 

— 

0*5 

Coxymase, 80 units/ml. 

— 

— 

— 

— 

0*5 

Distilled water 

1*7 

1-2 

0*7 

1*2 

0*7 

0, uptake {ftl./30 min.) 

49*5 

00‘5 

307 

82*0 

01*6 
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Table VI. Metabolism of bottom yeast {English). Oxidation of hexose- 


Yeast (ml.) 

diphosphate. 

1 1 

1 

1 

1 

Hexosedit)hosph., M/'S 


0-3 

0-3 

- 

0-3 

Warburg coformont 

0-5 

0*5 

0-5 

— 

0-5 

Pyocyanine, 1/5000 

— 

— 

0-5 

— 

— 

Flavin, lOy/ml. 

— 

— 

— 

— 

0*5 

Distilled water 

J-5 

1-2 

0*7 

20 

0-7 

Ojj uptake (/xl./30 min.) 

52 

57 

109 

28 

53 


Table VII. Meiabolisyn of bottom yeast (Belgian). Oxidation of glucose, 
oc-glycerophosphate y succinate, pyruvate y formate and alcohol. 


Yeast (ml.) 

0-5 

0*5 

0-5 

0-5 

0'5 

0-5 

0-5 

0'5 

F^yocyanine, 1/5000 


0-5 

0‘5 

0-5 

0-5 

0-5 

()r» 

0*5 

Glucose, M 


— 

0-5 

— 


— 


' — 

a-Glycerophosphato, MjlO 

— 

— 

— 

0-5 

“ 



— 

Succinate, 10% 


— 

— 

— 

0-5 

— 

— 

— 

Formate, JW/IO 

— . 

— 

— 

- 

- 

0 5 



Alcohol, if/10 

— 


— 

__ 


-- 

0*5 

— 

Pyruvate, if /TO 

— 


— 


— 

— 

1'5 

C-5 

Distilled water 

2r) 

2 

1*5 

1*5 

1-5 

1-5 

1*5 

(\ uptake (/d./30 min.) 

2(>3 

28 

107 

44 

53 

42 


1 10-5 


Table VIII. Metabolism of bottom yeast (Belgian). The (ff et of M. 1600 
cyanide on the pyocyanine catalysis of the oxidation of hexose monophosphate. 


Yeast (ml.) 

0*5 

05 

0 5 

Hexosemonophoaph., 0*35 if 

— 

0 3 

0-3 

Warburg ooferinent 

0*5 

0*5 

0-5 

Pyocyanine', 1/5000 

~ 

0-5 

0 5 

KGN, if/100 

— 

— 

0*5 

Distilled water 

20 

1-2 

0-7 

(>2 uptake (pl./30 min.) ^ 

18*0 

280 

198 


The enormous increase in respiration oocasionocl by })yocyanine is difficult 
to reconcile with the presence of relatively large amounts of yellow pigment in 
bottom yeast. The probable explanation is that yellow pigment is normally not 
concerned in the oxidations of hexosemonophosphate, hf'.xosediphosphate and 
glucose. Probably the pigment is not accessible in vivo to these three dehydro- 
genase systems. Green et al. [1934] showed that yellow pigment was about three- 
fold as efficient as pyocyanine in catalysing the oxidation of hexoscmionophos- 
phate by the dehydrogenase system isolated from bottom y(^ast. Yet in vivo 
the oxidation of hexosemonophosphato in absence of added (larrieir proceeds at a 
negligible velocity. If the oxidation in the intact cell involved the yellow pigment, 
the addition of pyocyanine should have had little effect. 

M/iM) cyanide inhibits the pyocyanine catalysis of the oxidation of hexose- 
monophosphate by 31%. In vitro MI200 cyanide increases the velocity of 
oxygen uptake of the hexosemonophosphato enzyme system by 36% [Euler 
and Adler, 1934]. It appears therefore that enzymes in the intact cell are more 
cyanide-sensitive than in cell-free solution and that this cyanide -sensitivity in 
some cases may have nothing to do with haematin catalysis. 

111. (JOTTPLTNG OF DEHYDROGENASES WITH THE SUCCINOXIDASE-CYTO- 
CHROME-INDOPHENOL OXIDASE SYSTEM. 

In Part I of this series, the theory of Goszy and Szent-Gyorgyi [1934], 
attributing (jatalytic properties to the succinic- fumaric system, was discussed in 
detail. Experiments are now presented showing that in vitro the succinic-fumaric 
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system cannot act as an intermediary link between cytochrome and dehydro- 
genases. The method of testing was simply to compare the oxygen uptake of a 
solution containing dehydrogenaHe, substrate, indophenol oxidase and cyto- 
chrome with and without the addition of succinak^ equivalent to 22fjd. Og . If 
the succinate is constantly regenerated according to the theory, then the increase 
in the oxygen uptake should be many times that for the complete oxidation of 
the added succinate. Table IX shows that the differences in oxygen uptake 

Table IX. The coupling of (lehydrogeTiase systerns with the auccinoxiduse- 
cytochrome- indophenol oxidase system, 

a-plyc<TO- iJe.\o.seinono- 




phosphate 

I'ormate 

G1 

neose 

phofl 

phate 

Enzyme (ml.) 



1 

1 

1 

1 

' 1 

I 


1 

♦Suodnate*. 0*14 x 10”® JU 

()-2 

— 

0 2 


0*2 



0-2 


0-2 

Indojjhenol oxidase 

0 

0.5 

or> 

O-.-i 

0*5 

O-.") 

0-5 

0*5 

0*5 

Cytoehrome, 3 ^ J 0”^ M 

0-.5 

o*r> 

0 5 

Ofi 

or» 

O-.*) 

0-5 

Oo 

0*5 

a-Gly eerophosphate, MHO 

— 

0-5 

(►-.5 

— 







— 

Formate. 10 

— 




0 

0:1 









Glucose, M 








0-5 

O'o 





Hexoflcmonophosph., O’.'ir) M 


— 

- 


— 



Oo 

0-5 

Distilled water 

1-8 

0-5 

0*3 

0s'> 

0-3 

or> 

0-3 

0*5 

0-3 

(>2 uptHk<' (/J. 30 min.) 

41 

75 

90 

104 

121 

91 

103 

48 

82 


* 0-2 nil. Huccinatc is ec|ijivalcTit to 22-4 jLtl. Og. 


with and without succinate in the castes of the a-glycerophosphate, formate, 
glnooHo and hexosemonophosphato dehydrogenases are never more than 
24^1. Og . In other words, the reactions between activated fumaric acid and the 
four substrates tried cannot take plac(‘ directly. The possibility remains that in 
the cell some carrier links fumarato and the substrate. The experiments of Green 
et al. [1934] have shown that none of the known natural carriers can function in 
carrier-linlied reactions between dehydrogenase systems. But there may be as 
y<»t unknown carriers which perform the coupling in the cell. 

IV. Indophenol oxidase activity and the of rat tissues. 

If the cytochrome-indophenol oxidase system is the princiijal respiratory 
system of animal tissues, there should exist a proportionality between the 
intensity of reispiratioii and the amount of indophenol oxidase. Keilin [1925; 
1929; 1930] maintained that qualitatively this relation docs hold. The following 
experiment was carried out to test the projwrtionality quantitatively. Fresh 
tissues were weighed, thoroughly minced, washed twice with 0*9 % NaCl and 
ground to a homogenc'oiis suspension in a known volume of Mjo phosphate 
buffer pjj 12. The (i>i„aophpnni oxuiusi calculated on the basis of the original dry 
weight of the tissue prior to washing with salt solution. Trial experiments 
showed that no oxidase w^as washed out from tlio tissue b}* the salt solution. 
Table X contains the comparison of the Qq^ and the oMdus. • Brain with 

the lowest Qq of the four tissues studied has the highest 9„,dopiu 
three tissues fiave comparable and values. It is noteworthy 

that the Qq^ and the (?,„aoph.^noi oxuhtno magnitude. In other 

words there is approximately sufficient indophenol oxidase to acjcount for the 
greater part of respiration. The agreement is not perfect but it is worth mention- 
ing that the indophenol oxidase activity was measured in cell-free suspension 
whereas the Qq was measured with the intact slice. In general there is a falling off 
in the activity of oxidation enzymes with extraction from the cell. 
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Table X. Comparison of indophenol oxidase activity and tissues, 

oxiiiuM' - Oa uptake in /il./mg. dry weight/hour, in the presence of p- phony lenodiamine. 

(3 mg.) 



'^t^iiKtopheiiol ovidiiue* 


Ratio 

Livor 

10-2 

20 

1*9 

Heart 

14 3 

22 

1-5 

Kidney 

25-5 

40 

l(i 

Brain 

33-5 

14 

04 


* The figures for the were kindly given to us by Dr H. A. Krebs from unpublished work, 
and represent the maximum respiration of flu' various tissues. 


V. The association of the indophenol oxidase with discrete particles. 

Numerous attempts were madt' to purify and eon<3eritrate the indophenol 
oxidase from heart muscle but no success was attained. Exporirmuit showed 
that the lieart muscle preparation represents a suspension of fin(‘ particles with 
which the enzyme is intiinat;(ly associat(‘d. No means has yet been found of 
separating the (uizyme from th(' particles. Tables XT and Xll show the effect of 


Table XI. The effect of high-speed centrifuging on the activity of the 
mdojjhcnol oxidase preparation of she ep^s heart. 


Enzyme (ml.) 

p- Phonyleiiediamine, 10 mg ./ml. 

Distilled water 

(>2 uptake (pl./30 mm.) 


Hefore 

centrifuging 

1 

0 4 
10 
0*7 


1 hour at 
14,000 r.p.m. 

1 

0-4 

10 

45 


Table Xll. The effect of high-speed centrif uging on the activity of the 
indophenol oxidase and succinoxidase preparations of sheep's heart. 


Before centrifuging 


Enzyme (ml.) 1 | 

p-Phenylenediaraine, lOmg./rnl. ()*.5 

Succinate, 10 

Distilled wateir l-r» 1-5 

Og uptake (/U1I./3O min.) 108 103 


45 min. at 14,(K)0 r.p.m. 

^ ^ 

1 1 

0- 5 — 

— 0-5 

1- 5 1-5 

52 38 


high-speed centrifuging on the activity of the indophenol oxidase preparation. 
It is clear that centrifuging, if continued long enough, will remove all the 
activity of both the succinic and indophenol oxidases. 


VT. is THE YELLOW PIGMENT A CARRIER OR AN ENZYME? 

The theory of Wagner-Jauregg et al [1934; Wagner-Jauregg, 1935J and of 
Adl(j and Euler [1934; 1935] that the yellow pigment works in conjunction with 
the dehydrogenase in reducing flavin, methylene blue or oxygen can be tested as 
Tollows. If the yellow pigment functions enzymically, then supplying flavin to 
the flavin-enzyme system should increase the oxygen uptake, whereas if the 
yellow pigment functions purely as an intermediary carrier between the sub- 
strate and oxygen, the addition of flavin should have no effect since adding 
avm IS equivalent to adding an oxidising agent which competes with oxygen 
for reduced yellow pigment. Tables XIII-XVI show that in no case does addition 
o lactoflavm increase the yellow pigment catalysis, and that in most cases 



REACTION OF SUBSTRATES WITH OXYGEN. II 2011 


Table XIII. The combined effect of yellow pigment and flavin on the glucose 

dehydrogeruise of liver. 


Knzyme (ml.) 

1 

1 

1 

1 

Cozymaso, 400 units/ml. 

0 5 

05 

0-5 

0-5 

(flucoee, 

0-5 

0'5 

0*5 

0*5 

Yellow pigment, 20% 

— 

0-5 

— 

0*5 

Flavin, lOy/ml. 

-- 

— 

0-5 

0*5 

Distilled water 

1 

0-5 

0'5 

0 

(>2 uptake (/xl./IlO min.) 

128 

146 

134 

162 

% inerea«(‘ 

— 

14 

— 

27 


Table XTV. The combined effect of yellow pigment and flavin on the hexose- 
monophosphate dehydrogenase. (Horse corpuscles.) 


FInzyme* (ml.) 

1*5 

1*.) 

1*5 

1*5 

Warburg eoferment 

(»*6 

0*6 

0*(*> 

0 6 

Htixosemonophosph., 0*35 M 

0 3 

0*3 

0 3 

0*3 

Yellow pigment, 20% 


0*3 

— 

0*3 

Fla\in, 1 mg./ 10 ml. 

— 

— 

0 3 

0*3 

Distilled waU‘r 

0 6 

0*3 

0*3 

— 

(>2 uptake (/xl./30 min.) 

36*6 

185 

61*5 

176 

increase 

— 

400 

, — 

380 


Tabl(‘ XV. The combined effect of yellou) pigment and, flavin on the malic 
dehydrogenase. (Heart.) 


Fnzyme (ml.) 

1 

1 

I 

1 

Cozymase, 4()0 units/ nil. 

1 

I 

1 

1 

Malate, M 

0 4 

0*4 

0*4 

0*4 

Yf‘llow pigment, 20 *>’0 


0*3 


0*3 

Flavin, lOOy/ml, 

— 


0*3 

0-3 

Disiillcd water 

0-6 

0*3 

0*3 

— 

O 2 uptake (/ 1 I ./30 inin.) 

38 

72 

51 

50 

im rease 

— 

90 

37 

37 


Table XVI. The cotnbined effect of yellow pigment and flavin on the hexose- 
diphosphate dehydrogenase . (Horse, corpuscles.) 


Enzyme (ml.) 

15 

1*5 

1*5 

1*5 

Warburg eoferment 

0*6 

0*6 

0*(i 

0*6 

Hexosetliphoaph., J7/3 

(>•3 

0*3 

0*3 

0*3 

Yellow pigment, 20 % 

--- 

0*3 

- - 

0*3 

Flavin, 1 mg./lOml. 
Distilled water 

— 


0*3 

0*3 

0*6 

0*3 

0*3 

— 

(>2 uptake (gl./30 min.) 

46 

54 

56 

57*5 


flavin has a definite inhibitory effect. There is therefore no basis for ascribing 
enz^TTiic^ properties to the yellow pigment. 

We are grateful to Priv. Doz. Dr Wagner-Jauregg for a sample of pure 
cryTstalline lactoflavin. No difference was found between the behaviour of our 
crude and his pure material. 

SUMMAKY. 

1. ilf/600 cyanide inhibits almost completely the oxidations of lactate, 
hexosemonophosphate, hoxosediphosphate, a-glycerophovsphate, glucose and 
alcohol by actively respiring baker’s yeast. When any of these dehydrogenase 
systems are relatively weak in a given sample of yeast, as shown by the fact that 
the addition of substrate increases only slightly the blank oxygen uptake, 
jSf/600 cyanide is found to have little effect. 

2. The oxygen uptake of bottom yeast in presence of hexosemonophosphate, 
hexosediphosphate, glucose, lactate and pyruvate is greatly increased by addition 
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of pyocyanine. Warburg coferment from horse corpuscles augments the pyo- 
cyanine effect in the cases of the oxidation of hexosemonophosphate and 
hexosediphosphate, 

3. The a-glycerophosphate, formate, glucose and hexosemonophosphate 
dehydrogenases cannot react with cytochrome through the intermediation of the 
succinic-fumaric system. 

4. The <?o./^mdo,.h«noinxi.k«- ratio of rat liver, heart and kidney is fairly con- 

stant (l-5~l-9). However, rat brain has the lowest and the highest 
<?i«ciui,h.noioxuia«e of thcfour tissucs studicd. The vafues arc sufficiently 

high to account for the bulk of the respiration of these tissues. 

5. The indophenol oxidase is associated with macroscopic particles which can 
be sedimented by centrifuging at high speed. 

6. Flavin either inhibits or has no effect on the yellow pigment catalysis of 
the enzymic oxidation of glucose, hexosemonoiJiosphate, hexosediphosphate 
and malate. 

One of us (F. J. 0.) is indebted to the Department of Scientific and Industrial 
Research for a grant. 
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The work of Tillmans et al. [1932], of Harris and Ray [1933] and of others on 
the estimation of vitamin C by titration against phenol indophenol has offered 
an opportunity to inv<»8tigatc quickly the antiscorbutic activity of foodstuffs. 
Since no information in this respect was available regarding Canadian foods, 
it seemed advisable to make a series of measurements. It was soon found that 
several modifications in the available procedures could be made to render the 
estimation more convenient and more accurate. We have employed the pro- 
cedure of Harris and Ray [1933] with the following modifications. 

(ri) The indicator, idi diehlorophcnolindophenol, was made np in a phosphate buffer solution, 
Pfi 7*2. In this solution the induator was found to be fairly stable, but daily standardisation is 
essential. 

(/>) The indicator was standardised against ferrous ammonium sulphate according to the 
method of Tillmans, IJirsch and Hirsdi |1932). Since both ferrous ammonium sulphate and 
ascorbic acid reduce the indophenol indicator, it was possible, through i he medium of the indicator, 
to standardise the sulphate solution against pure ascorbic acid crystals. 7'he slightly acidiffed 
solution of ferrous ammonium sulphate when kept under an atmosphere of nitrogen in an auto- 
matic burette showed no deterioration in 6 months. 

(r) As was first noted by Zilva [1927], acid alone slowly decolorises t he indophenol indicator. 
When titrating extracts rich in ascorbic acid the; percentage error caused by the presence of 
trichloroaeeiii* acid is negligible but in solutions with a low' ascorbic acid content the jiercentage 
error is considerable. The time required for a given amount of trichloroacetic acid to decolorise 
a fixed amount of indophenol solution is considerably increased when the indophenol solution is 
diluted with l.V 20 vols, of water. On the other hand, the same dilution only slightly prolongs 
the time requireii for the reduction of the indophenol by ascorbic acid. Consequently in this 
w’ork I'Oml. of tlie indophenol indicator solution w as diluted with 15-20 ml. of distilled water 
just prior to titration with the acidified ascorbic acid extract, 

(d) When working with solid foods Birch ej al. [1933] made only one trichloroacetic acid 
extraction. One extraction yields only about 60®, <, of the free ascorbic acid contained in the tissue 
and it is essential to make three extraii-ions in order to obtain an estimati* of the total amount 
of free afecorbic aiid. 

(e) A final concentration of 6% trichloroacetic acid was found to have a destructive effect 
on various ascorbic acid extracts. A 3% solution was found to serve equally well for extraction 
and considerably lessened the destructive action. 

(/) The addition of a few drops of potassium cyanide solution during extraction was found 
to have a stabilising effect on the ascorbic acid present. 

(ff) The use of largctr volumes than those recommended by Birch el al. increases the accuracy 
of the procedure. In this work tissues were extracted as follows. To 72 g. of the solid material 
were added 48 ml. distilled water, 12 ml. 20% trichloroacetic acid solution and 1 ml. 0-2Af 
potassium cyanide solution. The mixture w as then ground with sand and centrifuged. The residue 
was t^wice extracted in the centrifuge cups with 40 ml. of 3 % trichloroacetic acid solution to which 
a little potassium cyanide solution had been added. The combined supernatant fluids were then 
well mixed, the volume measured and the required amount filtered. The filtrate was titrated from 
a 5 ml. burette into a measured volume of the indicator solution. 

Biochem. 1935 ;xxxx ( 2013 ) 
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Titration of pigmented extracts. 

Several methods of lemoving the interfering pigment from cherry, raspberry, 
beet and other extracts were tried, but it was found that in each case in which 
the colour was removed a part of the ascorbic acid was also removed or destroyed. 
The mercuric acetate method described by Emmerie and Van Eekclen [1034] 
proved unsatisfactory in this laboratory, since only about 70 % of added 
ascorbic acid could be recovered. 

In one experiment using the nuTcunc profodure the fnllo^^ing result h 'were obtained. 

50 ml. of untreated turnip juice containing 6-8 mg. ascorbic a<‘id were mixed with 5 ml. of an 
ascorbic acid solution (B.D.H. tablets) containing 13-8 mg. ascorbic acid. 55 ml. of this mixture 
and 50 ml. of the same turnip juice but without added ascorbic aci<l w<‘re then treated with 
mercuric acetate as described by the above authors. On titrating the hnal solutions it was foumi 
that the turnip juice alone t‘ontaincd 3-8 ing. and the turnip juic(‘ plus the asi'orhic acid solution 
contained 13-7 mg. Assuming, as is reasonable, that the 50 ml. of turnip juice m the mixture 
accounted for 3*8 mg., then only 0-9 mg. or 72 “,, <^»f added aseorbie acid ecuild be determin<‘d. 

It was thought that ascorbic acid might have been earned down with the precipitate wlmh 
is formed. To test this, a solution of pure aseorbie acid was treatcil with mercuric aerdate us 
before. Again only 70 of the ascorbic acid originally present could be dct<*rnmied. A contnd 
solution treated as above exer^ptfor the addition of mercuric acetate show ed practically no changi*. 
The fact that ascorbic aiid when in the reversibly oxidised state is known to be quite unstable 
tends to explain the above results and it is likely that ascorinc acid, partially oxidised by the 
mercuric acetate, is very quu‘kly irre\ersibly oxidised. 

A modification of the method described by I'illmans, JHirsch and dackisch 
[1932, 1] for titrating pigmented extracts was finally adopted. The basis of this 
procedure lies in the fact that most plant pigments are insoluble in chloroform 
whereas the indophenol indicator is more soluble in chloioform than iu water 
and may be (jompletcly remov^ed from aqueous solution with this solvent. 
About 10 ml. chloroform are placed in a 50 ml. centrifuge -tulx*. Then 5, 10 or 
20 ml. tissue extract, depending on its probable ascorbic add potency, are added. 
A pipette connected to a cylinder of carbon dioxide is then lowered into the 
aqueous layer so that, on bubbling the gas tlirougli, the aqueous layer is 
thoroughly mixed but the chloroform layer is not disturbed. While the aqueous 
layer is being thus stirred, the indicator solution is addtd droj) by drop from a 
5 ml. micro-burette. An approximate preliminary titration is carried out to 
estimate the amount of indicator required. After the addition of the estimated 
amount of indicator it is advisable to wait a short time to allow for the complete* 
Teaction of the indicator and any ascorbic acid present. Then the tip of the 
pipette is lowered into tlie chloroform and carbon dioxide bubbled in for about 
a minute at a rate sufficient thoroughly to mix the two layers. The two layers 
are then separated by centrifuging. If the chloroform is practically colourless, 
insufficient indicator has been added and the titration must be continued. The 
end-point is reached when just sufficient indicator has been added to give the 
chloroform a definite red tinge. With practice the titration can bi^ carried out 
fairly quickly. The rod colour in the chloroform is quite stable and does not 
fade as is the case in acidified aqueous solutions. Using this method it has been 
found possible to account for 97-99 % of added ascorbic acid. 

The pigments of strawberries and red peppers were found to be somewhat 
soluble in chloroform and for these the above method could not be employed. 
However, these pigments, in contrast to those of raspberries, cherries etc,, may 
be sufficiently removed to permit ordinary titration by Shaking up the tri- 
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chloroaeetic acid extract with butyl or amyl alcohol. If the alcohol is subse- 
quently washed with a small volume of water and the water added to the original 
exti’act, the loss of ascorbic acid is not significant. 

Rapid df^slruciion of ascorbic acid in minced vegeMbles, 

When shredded turnip is allowed to stand in the open air for a short time, 
the juice obtained by pressing the j)u]p is inactive or practically so as far as 
reducing the indophenol indicator is concerned. This result has aiso been noted 
by Ahmad [1935], If the juice is pressed out immediately after shredding, the 
activity is retained in the juice fairly well. Howev^*r, juice expressed from })ulp 
which had been standing about 10 minutes did n{)t reitain what little activit}^ 
it possessed but became inactivated quite rapidly. The inactivation of the pulp 
is practically comjilete in 3U minutes and even in 15 minutes th(' pulp loses 
about 75% of its activity. 

A quantity of pulp, imm(diat(*ly after shredding, was suspended in acidu- 
lated water to whi<ih a little potassium cyanidf* had been added. The mixture 
was allowed to stand an hour. The liquid oldainod on pressing out the mixture 
w^as found to b(‘ fairly active When })otassium cyanide alone was added to the 
w^ater the inactivation of the pulp was complete in less than 45 minutes. 
Howev<‘r, when acid alone was added so tliat the of the mixture was about 
2-5 the juice obtained possf^ssed <;onsi<lf‘rable reducing activity. When the 
a(|ueous mixture is saturated with hydrogem sulphide practically no inactivation 
occurs wdthin 24 hours. Parsnip and caulifio^ver pulp behaved similarly. 

It a))pears ther(‘for(‘ that vegetable })ulp has no mechanism for stabilising 
ascorbic acid. On tlu* oth(‘r hand, animal tissues were found by Mawson [1935] 
to possess a marked ability to inhibit the aiTobic oxidation of ascorbic acid. 

Ascorbic acid covb nf of inner a?id outer parts of plant tissues. 

If tluu'e wer<^ a relation between ascorbic acid synthesis and photosynthesis 
in plants, one would <*xpect to find the vitamin more con<^entrated in those parts 
of tlio yilant in w hich photosynthesis is most active. This has been shown to be 
the case by Bacharach el al, [1934], who found that 15% of the total ascorbic; 
acid cont(*nt of lemons was in the juice and 85^*{j in the peel. 

This relation has also been demonstrated in the present work. Two samples 
w(U’e taken from the* top of a firm head of lettuce and two from the bottom near 
the root of the same head. The four samples were then extracted and the solu- 
tions titrated. The tof) sampl(\s contained 54> and 6*2 rag./ 100 ml. ascorbic acid 
while the Iowit ones contained only 3*7 and 4*1 mg./lOO ml. One would naturally 
suppose that tlu* lower part would receive less sunlight than the upper and that 
eonsi^quently photosynthesis would bt‘ less active in the lower section. 

In the case of cucumbers it was found that whereas the inner edible portion 
contained 1*5 mg./lOO g. ascorbic acid, the outer skin contained 4*3 mg./lOO g. 
or almost three times as much weight for w^eight. 

At first it appeared that the above relationship was reversed in the case of 
turnips. Juice squeezed from the outer parts of two turnips was found to contain 
37 and 47 mg./lOO ml. ascorbic acid. Juice from the iimor parts of the same two 
turnips contained 50 and 52 mg./lOO ml. respectively. However, since practi- 
cally all the photosynthesis occurs in the leaves of the turnip and since sub- 
stances formed in the leaves are transferred down the stalks to the central pai-t 
of the turnip, the observations in this case are in agreement with the former 
examples as far as the relationship between ascorbic acid production and photo- 
synthesis is concerned. 
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Polttphidy and asco rbic acid, 

Zilva [1933] reported that the juice obtained by thoroughly macerating 
tetraploid tomatoes was almost twice as potent with respect to vitamin C as 
was the juice so obtained from diploid tomatoes. He observed that the former 
fruits were smaller than the latter but stated that he did not think the variation 
in potency was a result of this difference in size. 

Through the kindness of Dr MacArthiir of the University of Toronto it was 
possible to investigate the ascorbic acid content of these two types of fruit both 
obtained from the same variety of tomato. The fruits were so selected that all 
were approximately the same size, about | in. in diameter, and appeared to bo 
of the same degree of ripeness. It was found that, considering the weight of 
the whole tomato, the tetraploids contained 43 mg./lOO g. ascorbic acid and the 
diploids contained 36 mg./ 100 g. The difference in the two types observed here 
is not nearly so marked as that observed by Zilva. 

It s(^ems possible that at least part of the difference noted by Zilva may have 
resulted from the difference in size of the tetraploid and diploid tomatoes which 
he used. Because of this differen(‘e in size it is obvious that weight for weight 
the tetraploids (being smaller) would have a greater surface area than the 
diploids and as has been pointed out above ascorbic acid is miich more concen- 
trated in the surface of such fruits than in the inner section. 

The relationship betwet^n the ascorbic acid content and the size of tomatoes 
was illustrated in the fruit obtained from one of the parents of the diploid and 
tetraploid plants. These tomatoes w'ere extremely small, being only | in. in 
diameter. They contained 68 mg./lOO g. ascorbic acid, much more than either 
of the former and larger samples. 

Reduced aiid reversibly oxidised ascorbic acid. 

Tillmans, Hirsch and Jackisch [1932, 2] observed that the titration value of 
cucumber extracts was considerably increased when the extract was kept under 
an atmosphere of hydrogen sulphide for several hours. Before titration the 
hydrogen sulphide was removed by a stream of inert gas such as nitrogen. It 
appears that in the original extract a part of the ascorbic acid was present in 
a reversibly oxidised states. In the present work it has been shown that the 
above result is not confined to cucumber extract but is true for various plant 
extracts. Table I gives the amounts in mg./J(K)ml. of reduced and reduced plus 

Table I. Reduced a.nd reversibly oxidised ascorbic acid in various tissues. 

mg. ascorbic acid |)C‘r 100 g. tissue. 


Tissue 

Reduced 

Reduced 

plVH 

reversibJy 

oxidised 

Tissue 

Reduced 

Reduced 

plus 

rovorsilily 

oxidised 

String beans 

1-4 

4*0 

Cabbage 

Hpinaeh 

I'omatoes 

15 

22 

Lettuce 


3S 

18 

22 

Oucu mbers 

o-so 

20 

15 

15 

Onions 

rv9 

13 

Lemon juice 

52 

52 

Uroocoli 

32 

(is 

Peppers (hot) 

167 

160 

Carrots 

1-2 

21 

Bovine adrenal glands 

125 

121 

Parsnips 

3*7 

r>-o 




reversibly oxidised ascorbic acid present in extracts of various tissues. The 
procedure employt^d in obtaining these results was to dilute the extract with 
an equal volume of distilled water so that the concentration of larichloroacetic 
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acid was about 1*5 % . Hydrogen sulphide was then bubbled in for 5-10 minutes. 
The extract was corked tightly and allowed to stand overnight. Hydi*ogen 
sulphide was then removed by a stream of carbon dioxide ; this required about 
2 hours. In order to be certain that all the vitamin C present in an extract is 
determined by the iiidophenol titration method it is obvious that a preliminary 
treatment with hydrogen sulphide is essential. 

Effect on titration valm ivhen certain vegetables are cooked. 

During an investigation of the ascorbic acid content of a number of raw and 
cooked Canadian foods it was found that in the case of certain vegetabk^s, such 
UkS cauliflower, carrots, parsnips, beets and potatoes, the titration value was 
higher for tlie cooked food than for the raw [McHenry and Graham, 1934]. 
A similar result in the case of cal)bagt‘. has recently been reported by BezssonofiF 
[1934] and by Ahmad [1935]. However, in this laboratory only a decrease in 
the titration value of cabbage was observed after cooking. This increase when 
certain vf^getables are cooked was reported by Tillmans, Hirsch and Jackisch 
[1932, 2] but seems to hav(^ escaped general notic(\ Tht^ following table gives 
the amounts of reduced ascorbic acid m extra(*ts of raw and cooked tissutis. The 
values are calculated in mg./lOOg. of ascorbic acid. The plant tissues were 
heated by procedures similar to those used in preparing them for table use. 

Table 11. Effect of heating upon titration value. 


nig. artrorbic acul per ICO g. tissue. 


Tissue* 

Haw 

Cooked 

Tissue 

Raw 

Cooked 

Cauliflower 

lb 

31 

('abbajje 

15 

12 

Hubbard s<iua8h 

:m 

4 1 

Onions 

8-9 

31 

Potatoes (old) 

]r^ 

4 1 

J^roi*eoli 

32 

22 

Beets 

21 

02 

C’orii 

7 0 

"51 

Strin^^ beans 

1-4 

2 1 

Peas 

14 

8 1 

Carrot H 


2'C 

Asparagus 

12 

8*2 

Parsnips 

a 7 

(M 

Turnij) 

35 

18 

Spinach 

18 

13 

Bo\ me adrenal glands 

125 

141 


In the case of cauliflower, jiarsnips and lemon juict?, determinations have 
b(‘en made at regular intervals during the course of heating in order to study 
the rate of increase in titration value. The minced pulp of cauliflower and 
parsnips was suspended in a lightly a(*idified water to which a little potassium 
(\yanide solution had been added. In order furtluu' to inhibit oxidation the 
heating was done under an atmosphere of hydrogen sulphide. After extraction 
the solutions were treated with hydrogen sulphide and wuth carbon dioxide as 
previously described. The results are showm graphically in Fig. 1 . With cauli- 
flower and parsnips the titration value increased rapidly at first and then 
gradually decreased. There was no increase on lufating lemon juice but only 
a gradual decrease. 

It was found possible to bring about this same* increase in titration value, 
without heating, by allowing the pulp mixture to stand several hours under an 
atmosphere of hydrogen sulphide in 1 % hydrochloric acid solution. 

It is unlikely that this increase is due to cellular disintegration as a result 
of heating and consequently more thorough extraction of ascorbic acid. At first 
it seemed possible that the results might be attributed to the liberation of some 
sulphydryl compound. However, colorimetric tests for cystine, cysteine and 
^rgothioneine are practically negative in extracts of the cooked material. The 
most likely explanation seems to be that a part of the ascorbic acid in the tissue 
is bound to some other substance and that this combination is split by hydrolysis. 
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Combined ascorbic acid is capable of reducing the indophenol indicator but 
is insoluble in trichloroacetic acid solution and for this reason is not determined 
unless soluble ascorbic acid is first set free. The combined form is, however, 
soluble in water as the following experiment shows. Cauliflower pulp was well 
mixed and divided into six 30 g. lots. Three lots were extracted with distilled 
water. The other threes lots were first heated and then extracted with the usual 



Time in minutes 

Fjg. 1. Change in titration values when cauliflower . parsnip and diluted lemon juicc' 
are floated at 5H ' under hydrogen sulphide. 

amount of acid. Part of the extracts were then treated with hydrogc^n sulphide 
and carbon dioxide as previously described. The three heat(‘d, acid-extracted 
samples contained 39, 41 and 43 mg. })er 100 ml. ascorbic acid. The three 
unheated, water- extracted samples contained 40, 39 and 41 mg./lOO ml. Thus 
even without a preliminary hydrolysis the ascorbic acid compound is extracted 
with water and may be detoinined by titration. However, aciueous extracts arc 
turbid, difficult to clarify and inconvenient for titration. 

In another experiment an aqueous extract of cauliflower was divided into 
two portions. To the first was added sufficient trichloroacetic acid to give a 
concentration of 3 % acid. The precipitate was remov(‘d by filtration. To the 
second portion was added a volume of water equal to that of acid added above. 
Both solutions were then treated with hydrogen sulphide and carbon dioxide. 
Calculated on the weight of cauliflower the second solution contained 50 mg./ 
100 g. ascorbic acid and the first only 41 ing./lOO g. Evidently the addition of 
the acid caused the combined form of ascorbic acid to precipitate. 

From the above results it is apparent that a simple acid extraction and 
titration procedure do(».s not give the complete value for ascorbic acid but only 
measuri's the free acid. In many plant tissues this amount is supplemented by 
hydrolysis. Tliere may be present, also, an amount of reversibly oxidised ascorbic 
acid which is not measured by titration unless it is first reduced by hydrogen 
sulphide. Ascorbic acid in these three forms may be biologically active but 
only the free acid can be estimated by simple acid extraction and titration. 
Bovine adrenal tissue (*ontains no ascorbic acid in the reversibly oxidised form. 
Acid fruits, such as lemons, oranges and tomatoes, apparently contain only free 
ascorbic acid. 
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SUMMAEY. 

1. A series of modifications in the titration procedure of Harris and Ray 
which render the estimation of ascorbic acid more accurate have hovn described. 

2. Two methods have been outlined for the removal of interfering plant 
pigments. 

3. Vegetable tissues do not appear to contain a mechanism to prevent the 
af'robic oxidation of ascorbic acid. Hence tliej generally contain appreciable 
quantities of reversibly oxidised ascorbic acid. 

4. Several vegetables show an increased titration value after hc'ating for a 
short period, or after acid hydrolysis. The increase is believed to be due to the 
liberation of ascoibic acid from a compound which is soluble in water but 
insoluble in trichloroacetic acid. 

It is a pleasure^ to acknowledge our indebtedn(*ss to Prof. C. H. Best, and to 
Dr J. G. FitzfkTuld. Miss Lillian Barber rendered valuable technical assistance. 
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CCXXXV. PURIFICATION OF THE ACTIVE 
PHOSPHATASE FOUND IN DOG FAECES. 
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From the Department of Medical Research, Banting Institute, 
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(Received July 1st, 1935.) 

It was observed [Armstrong et al., 1934 J that a phosphatase, active at 9-6, 
was present in dog faeces. The activity of the faeces is variable but usually 
exceeds that found in the case of intestinal mucosa which is the tissue having, 
weight for weight, the greatest phosphatase activity in the body. 

It seemed worth while to attempt to isolate, if possible, a crystalline enzyme 
from this cheap and unlimited source. Whilst a crystalline material was not 
obtained, the degree of jiurification reached was sufficiently great to warrant pub- 
lication in view of the fact that the work must now be temporarily abandoned. 

The underlying principles involved in the procedures employed werc^ as 
follows: preparation of a water- clear aqueous extract of the faeces, salting out 
the protein from this extract, solution of the protein and removal of foreign 
material by acidification and adsorption, reprecipitation of the y)rotein with 
minimum contamination by inorganic salts. These procedures })i’esented con- 
siderable difficulty for two reasons: (1) the colloidal nature of comientrat^d 
mixtures of faeces and water and (2) the fact that the phosphatase active at 
Pjj 9*6 is unstable in acid media. No difficulty was ever encountered owing to 
faecal extracts containing large amounts of unhydrolysed protein. Tlu* protein 
content was always less than 1 % and a large part of this was insoluble in acid. 

The procedure outlined below avoids the difficulties mentioned and makes 
possible the j)reparation of a dry powder of unusual potency within 48 hours. 

Experimental. 

A. To obtain a tvater-cle/ir filtrate from the faeces. 

About 1 kg. of dog faeces, collected within 24 hours of being passed, is 
placed in a 3 1. beaker. Cracked ice is placed in the beaker and tap water is 
added to make the total volume about 2 1. The cont^mts are now stirred thoroughly 
until uniform. When completely mixed the coarse particles are removed by 
straining through three grades of wire sieve, the final one being 40-mesh. 

The sludge is now cooled to 0° and 20 ml. glacial acetic acid are added, caus- 
ing some of the phosphates to dissolve. The fluid is now brought to pj^ (about) 8 
by adding approximately 30 ml. concentrated ammonia. This causes the dis- 
solved phosphates to precipitate and the precipitate entrains fine particles 
which otherwise will pass through a filter paper. The sludge is now poured into a 
pleated coarse filter-paper and left in the ice-box filtering overnight. The dark 
brown filtrate should be free from any turbidity. If turbidity is present the 
suspension must be filtered through a thin layer of diatomaceous earth under 
suction. 

If kept near O'" this solution retains its phosphatase activity for some days. 
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B. To obtain a washed protein-like precipitate from A^\ 

To the ice-cold filtrate “A"’, ammonium sulphate is added to complete 
saturation. A precipitate forms which tends to rise. 

A quarter volume of 65“-70 % acetone is now stirred in. The precipitate rises 
rapidly and collects at the interface between the acetone and ammonium sul- 
phate layers. This precipitate is skimmed off in a spoon and placed in a separating 
funnel. The saturated ammonium sulphate solution which accompanies it is 
drained through the stopcock, and the supernatant acetone decanted. 

Successive amounts of 65 % acetone are added to the precipitate in the funnel, 
shaken and decanted ; the supernatant liquid finally becomes nearly colourless. 
The precipitate is then run through the stopcock into a filter-paper and allowed 
to drain thoroughly. This material is greyish brown in colour and turns dark 
brown after exposure to air for a few minutes. 

C . Decoloration and purification of B*\ 

The washed precipitate, is dissolved in 100 ml. water kept at 2>ii 

with 1 % ammonia. It is brought to O'" and then adjusted to 4--4*5 with 
about 0*5 ml. glacial acetic acid. A variable amount of relatively inactive 
material precipitates. 

1 g. of activated charcoal is shaken in. After 10 min. the mixture is filtered 
in the ice-box through a filter-paper prepared by filtering through it 100 ml. 
1% chan^oal suspension. This latter tcichnique prevents any fine (jharcoal 
partick'B, rendered scuni- colloidal by the protein, from passing through the 
filter. Filtration takes from 0*5 to 12 hours, depending upon the physical state 
of the j)rotein throwT:i down by the acid. The ice-cold filtrate is now brought to 
Pn "7*0 by adding about 1 ml. strong ammonia solution. 

D. To obtain a drij ponnUr nearly free from ammonium 
sulphate and. other inorganic salts. 

To the neutralised filtrate, "C”, acetone is added to make 60% concen- 
tration. Most of the active material is precipitated and on standing much of 
the turbid supernatant fluid can be decanted. Th(‘ residue is poured into a filter 
and allowed to drain thoroughly. It forms a gummy mass w^hich is readil}?^ 
removed from the filter-paper. This is plac(‘d on a w'^atch glass, dried in a vacuum 
desiccator overnight and ground to a fine })ow^der. It is grey to faintly brown 
in colour. 

Yield and activity. 

There is a considerable variation in the yield of powder obtained. From an 
amount of faeces sufficient to occupy a volume of about 1 1. yields of 0-l-~0*5 g. 
have been obtained. This is to be expected, for the amount of active material 
per g. of faecc^s will vary according to the amount of undigested material in the 
stool. 

The activity of the powders has been estimated by the phenylphosphate 
method [King and Armstrong, 1934] with the modification that excess Mg+-^ ion 
was added to the buffered substrate. This was considered advisable since in the 
process of purification this oo-enzyme is reduced to a trace. The activities of 
successive batches lay between 130,000 and 185,000 units pev g. (For com- 
parison it may be recalled that 1 g. wet weight of adult dog long bone has an 
activity of about 2 units by the same method.) 
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A cl(?arer conception of the tremendous activity is obtained by the following 
computation based on the definition of a “unit’’, viz. that 1 g. of the best powder 
(1S5,000 units ^r g.) acting on an excess of disodium phenyl phosphate in the 
])resence of Mg ion and in sufficient dilution in a buffer solution of suitable pjj at 
will liberate 185 g. of phenol every 30 min., i.e. more than 6 g. per min. 

TJie activity obtained is considerably diminished if the sludge and filtrates 
are not kept cool during the preparation, especially when the pji is lower than 
7*0. Allowing the solutions to stand for longer times than mentioned also causes 
some loss. Apart from these causes, variations in activity may be ex})ected, 
if for any reason any protein -like material behaving chemically in a manner 
similar to the powder should be passed in the faeces. Apparently however such 
a material is not encountered in any considerable quantity. 

Optimum pjj. Between 3-0 and 10-5 only one zone of optimum activity 
was observed when disodium phenyl phosphate was used as substrate. The 
optimum pjj lay approximately at 9*6 meastired at 37^ ; practically no activity 
was observed below px, 6*0. This suggests the identity of the enzyme with bone 
phosphatase. 

Enhancement of activity by ions. An increase in the activity of the 

enzyme using the buffered substrate of King and Armstrong [1934] occurred 
when Mg+ ions were added; approximately 0-0003 Af Mg+-^ produced a 25% 
mcrease. lurther increases to 0*003 M produced no definite additional enhanc('- 
ment. 

Qualitative analysis. On analysis the material was found to (contain 2*7 % 
ash of which 0*24 % was silica. The powder gave qualitative tests for nitrogen and 
phosphorus; a trace of halogen was present and faint traces of sulphur and iron. 

Adsorption by kaolin. The material may be adsorbed on kaolin and eluted 
with a recovery as high as 90%. No attempt has been made to reprecipitatc* a 
powder from such a recovered solution. The conditions for adsorption and 
elution are as follows: 1 ml. of 0*5% solution of phosphatase powder and 1 ml. 
5 % kaolin susjxjnsion are brought to O'" and acidified with 1 % acetic acid to 

4*5. The kaolin is qui(*kly centrifuged, washed witlyce-cold water at p^ 5 and 
again quickly centrifuged. To the washed kaolin is now added 1 ml. of 0*5 % diam- 
monium hydrogen phosphate and after stirring for 15 min. the kaolin is finally 
removed by centrifuging. The active material is now in the phosphate solution. 

Summary. 

A method is described by which a very potent phosphatase- containing 
powder can be obtained from dog faeces within 48 hours. Its optimum pj^ is in 
the region of 9-fi measured at 37*5^ when acting on disodium phenyl phosphate. 
No other zone of optimum pj^ has been found. Using th(‘ same substrate the 
optimum Mg+ ion concentration is below 0*0003 if. 

I wish to express my thanks to Mr C. C. Lucas for several valuable sug- 
gestions and assistance, and to Sir Frederick Banting for advice and tmeourago- 
ment throughout this work. 
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CCXXXVI. ON A FAT-SOLUBLE GROWTH 
FACTOR REQUIRED BY BLOW-FLY LARVAE. 

IL IDENTITY OF THE GROWTH FACTOR 
WITH CHOLESTEROL. 

By RALPH PERCTVAL HOBSON. 

Froyn the Department of Agricultural Zoology, School of Agriculture, 
University College of North Wales, Bangor, 

(Recewed July 5th, 1935,) 

In the previous paper of this series [Hobson, 1935], it was shown that blow-fly 
larvae {Jyucilia sericata Mg.) respond to a fat-soluble growth factor. Since there 
was evidence that the active substance might be chok^sterol, further growth 
tests have been carried out with samples from various sourc(*s. The results of 
these expcjriinents leave little doubt that the larval growth factor is cholesterol. 

Methods. 

The basal diet was the same as that used in the earlier experiments [Hobson, 
1935]. It consisted essentially of a 15% peptone solution prepared from meat 
by digestion with pepsin and subsequent filtration. In aildition, the prepara- 
tions used in these experiments werc^ extracted with ether to remove the last 
traces of fat. A small amount of aqueous yeast extract was added to the peptone 
solution so as to ensure a sufliciency of vitamin B. Cholesterol samples were 
teste'd in the followdng way. An emulsion was yuM^pared by pouring an alcoholic 
solution into water and removing th(‘ alcohol by evaporation on a boiling w ater- 
bath. The emulsion was then filtiTed through cotton-wool and its sterol content 
detcTmined by a dry weight estimation. Suitable mixtures of pey)tone solution and 
emulsion were j)rey)ared and 1 ml. lota absorbed on i)ieces of bambige in small 
test-tubes; three larvae were r(*ared in each tube. Since fine (unulsions could not 
be obtained w'ith the other sterols, thty w ere supplied as triolein solutions. The 
y)rocedure adopted in this case w’^as the same as that used in earlier experiments 
with different fats [ Hobson, 1935]. In the present gi'owth trials, the larvae were 
reared for 2| days at 35^", then starved for 4 hours and weighed. A weight of 
40 mg, was taken to represent satisfactory growth under these conditions. 

Maimals used. 

Table I describes the origin of the samy)les tested. This work was considerably 
facilitated by gifts of sterols. I take this opportunity of thanking Prof. J. C. 
Drummond, Mr A. L. Bacharach and Mr A. R. Freney for specimens respectively 
of purified cholesterol, sitosterol and wool sterols. 

Table I. Description of the sterol samples. 

Material Method of preparation and purilic^t ion 

J^urified cholesterol Regenerated from dibromide 
Brain cholesterol Extracted with acetone; recrystallised from alcohol 
E^g cholesterol Non-sap. from technical ovolecithin; recrystallised from alcohol 

} Separated from wool wax [Freney, 1934] 

Sitosterol ( 'rude sterol from wheat germ oil non-sap. ; recrystallised from alcohol 

Ergosterol Presumably derived from yeast 

( 2023 ) 
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Results. 

Preliminary trials with an emulsion of egg cholesterol showed that good 
growth occurred with 0-01 % of added sterol. The four samples were compared 
in two series, egg cholesterol being included in each. The results, given in 
Table II, show that the growth-promoting effect of cholesterol does not vary 
with the source and is not altered by chemical purification (conversion into 
bromide). Jt is, therefore, concluded that the active substance is not an impurity, 
but the sterol itself. It will be shown also that the potency of various fats can 
be correlated with their sti'rol content if allowance is made for the type of sterol. 
Other sterols stimulate growth but are less active than cholesterol (Table III). 

Table II. Effect of cholesterol on the growth of larvae on peptone diet. 

Mean weight of .3-day old larvae (mg.). 

% sterol on volume of peptone solution 


Sample 

003 

0-01 

0005 

0*0025 

0 001 

0 

Wool 

— 

43. 45 

32, .34 

20. 22 



Brain 

— 

39, 43 

35. 36 

18, 24 

j 

Jliod ca. 1 mg. 

Egg 

41,44 

39, 44 

36. 37 

25, 27 


Egg 

Purified 

41,47 

44, 49 

38, 48 

44, 40 

37, 40 
.32, 38 

22 27 

28 

9,111 
7, 10 j 

1 Died ca. 1 mg. 


Table III. Effect of various sterols on the growth of larvae on peptone diet. 



Dose 

Weight of 3-da3" old larvae 


rag. 

mg. 

Cholesterol 

0*06 

39, 41, 44 


003 

33, 40, 44 


O-Olf) 

a*, 20, 29 


0-007 

a-, r, 1 5 

Sitosterol 

0*12 

41, 40, 48 


0*06 

A 20, 33, 37 


0-015 

X, Xy X 

Ergosterol 

0-12 

31. 35, 45 


0-06 

a-, 25, 28 


0*015 

Xy Xy X 

Lanosterol 

0-12 

23. 32, 39 


0-06 

Xy Xy X 

Controls 

0 

Xy Xy Xy 3 


X imlicates larva dead on 3rd day. The sterol was given in triolein. 

Solutions of sterol in triolein were used in thesfi tejsts; the amount of oil 
given was the same in each case, 6 mg., except for the higher doses of ergosterol 
and lanosterol which required more solvent. Since blow-fly larvae normally 
breed only in animal tissues, it is not surprising to find tliat they utilise 
cholesterol more readily than sterols from other sources. 

Growth under asepsis. 

The experiments already described were carried out with larvae from un- 
sterilised eggs. It is, therefore, possible that the sterol is not the growth factor 
itself, but the precursor of an active substance producc‘d by bacterial action. 
Aseptic growth trials showed that this is not the case. Larvae grew readily 
under aseptic c onditions on the peptone diet supplemented only with cholesterol 
(sterility being confirmed by inoculation of nutrient media); also, they pupated 
and produced nomal adults. Since the diet contained no fat whatever, these 
results suggest that blow-fly larvae can synth(*.si8e fat but not sterol. Analyses 
are being carried out to confirm this. 
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Correlation between the sterol content and potency of natural fats and oils. 
Table IV shows that the growth-promoting effect of various fats and oils 
can be correlated with their sterol content. The potencies were calculated from 
the inverse of minimum active dose [Hobson, 1935], cholesterol being assigned 


Table IV. Correlation between the sterol content and potency 
of various substances. 



% non-sap. 

% sterol 

Potency 

(Cholesterol 

— 

100 

100 

Wool wax 

40 

27 

25 

Wheat #j;erm oil 

5-8 

3*5 

1 

Egg yolk 

— 

1*3 

0*8 

Cod -liver oil 

0*8 

0*4 

0*5 

Butter 

0-3 

— 

0-4 

Lard 

0-3 

— 

<0-4 

Olive oil 

0*9 

— 

<0-4 


the arbitrary value of KMJ. vSinee the samples used in the growth tests were no 
longer available^, the figures for the contents of unsaponifiahle matter and sterols 
were taktm from published analyses: wool wax [Doree and Garratt, 1933); 
wheat germ oil [Drummond et al., 1935]; cod-liver oil [Drummond et ah, 1925]; 
egg yolk, mean value from various sources; the remainder, average figures from 
analyses quoted b> Lewkowitsch [1922]. It must be realised that these values 
are Hubj(‘ct to variation and that the error in assaying the potency was probably 
not less than ± 50 % . 

When exprcss<^<i in this way, the potency should equal the percentage of the 
sterol, if this is th(‘ active substance. It will be seen that the animal fats and 
oils show good agre(‘ment. The potency of the two vegetable oils tested is con- 
siderably less than their sterol content (assuming that sterols form about half 
of the unsaponifiahle matter of olive oil, i.c. 0*4~0-5%) ; this is to be expected 
since the activity of the ty[)ieal plant sterol, sitosterol, proved to be about a 
quarter of that of cholesterol. 

The effect of sterol on the imnmnity of larvae to bacterial infection. 

The absence of sterols from the diet, besides affecting the growth rate directly, 
also renders larvae susceptible to bacterial infection [Hobson, 1935]. The natural 
immunity of larvae seems to be due to an acid secretion in the intestine; 
normally, the gut contents are strongly acid in the middle part of the mid-gut, 
the function of the acidity probably ^nng bactericidal action [Hobson, 1931]. 
It has been found that the acidit3^ in the mid-gut is dependent upon the presence 
of cholesterol in the food. This observation explains the “anti-infective’’ action 
of cholesterol and also confirms the view that the acid serves as an antiseptic. An 
account of the actual experiments will be given in a later communication dealing 
with the nature of the acid secretion. It is of interest to note that the alleged 
bactericidal action of blow-fly larvae has led to their being used therapeutically 
in the treatment of chronic osteomyelitis. This question is also of importance 
in relation to the development of septicaemia in sheep infested with blow-fly 
larvae. 

Discussion. 

The results of the feeding tests show that the growth-promoting effect of 
cholesterol is the same for various samples, including one subjected to chemical 
purification. Also, the potency of natural fats and oils can be explained by 
their content of cholesterol or sitosterol. The sterol is not the precursor of a 



2026 


R R HOBSON 


vitamin formed by bacterial action, since the absence of bacteria does not affect 
its potency. It is, therefore, concluded that the fat-soluble growth factor re- 
quired by blow-fly larvae is a sterol. Furthermore, a sterol is the only fat-soluble 
substance essential for larval growth, since the preparation of the basal diet 
was such as to remove all lipoid matter. Blow-fly larvae, therefore, differ from 
higher animals ; these can apparently dispense with sterols but need certain 
fatty acids in addition to vitamins occurring in the non-sterol fraction of the 
unsaponifiable residue. 

It seems not improbable that a sterol may be an essential growth factor for 
insects generally ; however, further investigation is clearly necessary before this 
question can be decided. The earlier work on the fat requirements of insects, 
reviewed in a previous paper [Hobson, 1935], shows no discrepancies between 
blow-fly larvae (Diptera) and other insects. In addition to Drosophila (Diptera), 
both Blatta (Orthoptera) and Ephastia (Lepidoptera) have been shown to respond 
to a fat-soluble growth factor (other than fat itself). If this substance is not a 
sterol, it follows that these insects rtiquirc' some “vitamin"’ which is not needed 
by blow-fly larvae, a hypothesis which setmis very unlikely. 

Since blow-fly larvae fail to grow without c}K)lestcrol, they presumably cannot 
s3mthesise this substance. However, this does not necessarily follow; yeast, for 
example, can synthesise bios and yet cannot develop in a medium completely 
lacking in bios. It is possible that blow-fly larvae can synthesise a parf but not 
all of their sterol requirements. This question can only be settled by investigating 
the sterol balance. Bloor [1934], discussing the question of cholesterol synthesis, 
says: "‘It is now generally admitted that cholesterol f*an b(‘ synthesiztHl by the 
animal organism.” The evidence for this statement is basc'd oji experiments 
with higher animals: little appears to be known abcmt the sterol metabolism 
of invertebrates. 

Summary. 

1. Purified cholesterol supplies an essential growth factor recjuired by blow- 
fly larvae. 

2. The potency of cholesterol samples of different origin is the same, the 
minimum active dose being about 0’07% of the dry weight of the die4. 

3. Ergosterol, lanosterol and sitosterol also promote larval growth, but are 
loss active than cholesterol. 

4. The potency of natural fats and oils can be correlated with their (content 
of cholesttTol or sitosterol. 

5. It is concluded that the fat-soluble growth factor is the sterol itself. 

6. Blow-fly larvae do not require fatty acids or fat-soluble vitamins present 
in the non-sterol fraction of the unsaponifiable residue. 

I wish to record my thanks to the Agricultural Research Council for a grant 
which entirely financed this work. 

REFERENCES. 

Bloor (19.*U). Ann. Mev. Bioehem. 3, 187. 

Doree and Garratt (1933). J. Soc. <7/*ew. Ind. 52, 141 T. 

Bnimmond, Channon and Coward (1925). Bioch&m. J. 10 , 1047. 

Singer and Macwalter (1935). Biochem, J. 29 , 456. 

Freney (1934). J. t:ioc. Chem. Ind. 53 , 289 T. 

llobsou (193J). J. Exp. Biol. 8 , 109. 

(1935). Biochem. J. 29 , 1292. 

I.<ewkuwit8cli (1022). Chemical technology of oils, fats and waxes, 2. (Macmillan, London.) 



CCXXXVII. LIVER GLYCOGEN. 

II. ACYL DERIVATIVES AND “REGENERATED 
GLYCOGENS”. 


By DAVID JAME8 BELL and H.\NS KOSTERLITZ. 

From the Physiological Laboratory, Marischal College, 

The University of Aberdeen. 

* {Received fhily 5th, 1935.) 

This paper extends the observations of Bell and Young [1934] to the preparation 
and properties of acetyl and benzoyl derivatives of glycogens, the examination 
of the polysacchai-ides nigenerated from these acyl deriv^atives and the occurrence 
of })hoHphorus in ])oth tlu^ original and regerw^rated materials. 

A cyl derirati ves . 

Th(‘ triacetates and tribeuzoatcs of pure glycogens, isolated from rabbit and 
fish ((xadidae) liv^ers as described by Beil and Young, were obtaint'din good yield. 
A comparison of the properties of those substances revealed no difference between 
derivatives from the two sources (Table 1). It was noted that gl 5 xogcn extracted 
by water (no KOll treatment) displayed resistance to acidylation. Preliminary 
heating with 30% KOH solution, however, was found to promote complete 
acylation. 

Table I. 

Ac(*tatc Benzoate 

Yield Aeetyl 

Source of glveo^en % [a|/, 

Kabbit (water-extraeted) 50 4IV9 ? 172 

,, (KOH ^^aler'extraeted) 84 44-0 +171 

,, ( water-extract ed, after KOH) 84 44-0 +171 

Fish (water-extracted) Tiaoe -- — 

„ (water i'xtraeled, after KOH) 87 44-4 + 170 

(ah^ was determined in ehlorofonn solution. 
l^he regenerated polysaccharides. 

Do-acylation of the acetates and benzoates yielded theoretical amounts of 
matt^rials w’hich, at present, cannot but be considered as chemically identical 
with the parent substances. The results are summarised in Table II. 

The rates of hydrolysis with 2*4% HCl at 100^ (vid£ Bell and Young) were 
in all cases the same and were unchanged from those of the parent substances. 
Regeneration likewise did not affect the coloration with iodine, deep red-brown 
with rabbit glycogen and yellow-brown with the material from fish. 

Discussion. 

Phosphorus content. This is extremely small and diminishes after acylation. 
As no precautions were taken to employ phosphorus-free reagents, it is probable 
that the presence of this element in the Mghly purified materials is adventitious 

{ 2027 ) 
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Benzoyl 


D 

D 

f) 

. 0 


80-C 

05*0 


84-7 

()()-4 

+ U4 
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Table II. 

1 (a) signifies H^O-extracted. 

(h) „ KOH -extracted. 

II „ regenerated from acetate. 

Ill „ regenerated from benzoate. 



Source 

Rabbit 

Fish 

[a]/, in water 

1(a) 

-f 197-8’ 

4 190-0" 

c:=-.0-5% 

{^) 

-f 19fi-9“ 

— 

/ — 2 dm. 

11 

4 199-0° 

+ 202-5° 


111 

4 198-5° 

+ 200-0° 

Reduction (Hagedorn -Jensen) 

I(«) 

0-09 

0-11 

(Glucose — 100) 

(6) 

0-09 

— 


II 

0-09 

0-09 


111 

O-IO 

0-12 

Reduction (Macleod- Robison) 

1(«) 

1-5 

1-7 

(Glucose - 100) 


J-O 

— 


II 

1-7 

1 S 


111 

1-2 

20* 

Inorganic 1* (%) 

1(a) 

Nil 

Nil 


it>) 

o-fM)a 

— 


Jl 

O-tMU 

0-(K)2 


111 

Nil 

o-ooa 

Organic P (%) 

1(a) 

0-009 

0-027 


ib) 

0-010 

— 


II 

0-004 

0-005 


111 

O-OOJ 

o-oos 


* High value du€' to nitrogenous impurity. 


(cf. Somogyi [1934] who has recently prepared phospborus-frec*. glycogen). There 
are, therefore, no grounds for believing that phosphorus is an integral con- 
stituent of glycogen. 

The regenerated glycogens. The only observed differences between the re- 
generated and parent substances were (a) a slightly increased rotatory power 
and (6) an appreciable diminution in the opacity of the solutions, indicating a 
smaller colloidal particle after regeneration. It is very probable that the en- 
hanced rotation arises from this condition, particularly as the post-regeneration 
polarimetric observations were made with much less difficulty. 

The most significant fact arising out of this work is that glycogen does not 
appear to undergo degradative changes on acylation by the method here em- 
ployed using pyridine and acetic anhydride. This has an important bearing on 
the experiments of Haworth and Percival [1932] who postulate a “ chain-length ” 
of 12 glucose units for glycogen, basing their assumption on the amount of 
tetramethylglucose obtainable from methylated glycogen. One of us [Bell, 1932] 
and Irvine [1932] have criticised Haworth's analogous deductions in the cases 
of cellulose! and starch respectively, when the initial acetylation was carried out 
in an acid system ; indeed Irvine and Caldwell (xuipublished work) find that the 
reducing power of starch (Hanes’s method) increases steadily as a result of 
acylation, even under mild conditions, and that the amount of tetramethyl- 
glucose obtainable from methylated starch varies within wide limits, according 
to the method of acetylation adopted. In the present instance, however, we 
believe that our findings support Haworth’s conclusions regarding glycogen. 

The values of th(^ reduction of alkaline hypoiodite, which Haworth and 
Percival [1932] found for their specimen of glycogen are in close agreement 
with ours; we, also, are unable to correlate reducing power with chain-length, 
as will be shown in a further communication from this laboratory. 
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Expebtmbntai.. 


Glycogen triaceUde,^. These were prepared according to the procedure of 
Haworth and Percival [1932]. [a]/> was determined in chloroform, /= 1, c = 1. 

(a) H^jO'CXtracted glycogen. A 50% yield was the best obtained in two ex- 
periments. Much un(^hang(id glycogen was recovered; this did not react with 
fresh acylating agents. The product showed [aj[r+ 172*1*^. (Found; OAc, 
43-9 % . C'fiH705 ( OAc ).3 nHpiires OAc, 44-7 % .) 

(^>) Hfi -extracted glycogcM after trcMmeni with KOH. 2 g. of material were 
heated for 2 hours at 100'' with 30% KOH solution, neutraliscKl with acetic 
a(‘id and the glycogtui ])r(‘c ipitate.d by the addition of 2 volumes of 95% alcohol. 
The precipitatf‘. was washed with alcohol and ether and introduced into 
the acetylating mixture in which it rapidly dissolved. Yield 3 g. (84*3%); 
[alir + 1 70-9" ; OAc, 44-0 % . 

(c) KOH-extrncted glycogen. From 2 g. lots, two experiments gave the fol- 
lowing yields : ^ g oq . ^ j 70.9 '> • ()Ac, 44-0 % . 

3-01 g. (H4-(i%); [aj" +171-7°; OAc, 44-1%. 


(d) Fish glycogen (FfoO-cxiraefed). As this material proved totally resistant 
to acetylation it w as treated as (6). 1-90 g. yielded 2-97 g. acetate (87*4%); 
[aJi: + 170*2" ; OAc, 44*4 % . 

Glycogen tribenzoates. The procedure was similar to that employed by Irvine 
and (-aid well (uiipublishc'd work) for the benzoylation of starch, and was as 
follows. 1 g. glyc‘Og(‘n was dissolved in 30 ml. 10% NaOH and shaken with 
11 g. (9*3 ml.) benzoyl chloride. A wdiite solid which separated was filtc^rcd off, 
w^ashed with 10% NaOH and dried by alcohol- Ixmzeme under reduced pressure. 
The fby material was dissolved in 10 ml. dry pyridine' and 3*5 ml. benzoyl chloride 
were' added with c-ooling. After standing for 24 hours excess of alcohol was 
added and the semi-solid mass triturated wdth dilute H(1 aixd then dilute NaOH, 
w^ashed with wattu*, then alcohol, dissolved in a mixture of 3 parts chloroform 
and 1 j»art acetone and precipitated by adding alcohol. Finally, the solid was 
dissolved in chloroform, sliaken with norite and filtered through a Seitz filter. 
From the pale yellow , opalescent solution by the addition of alcohol the tri- 
btmzoate was obtained as a creamy solid, soluble in the usual organic solvents 
except alcohol, petroleum and ether. 

(c) Fish glycogen. Yield 84-7%; [a^ +115*0" (/=!, c = 0*6); +112*8" 
(/ = 2, c = 0*5) in CHClg. (Found: COC^Hg, 06*35%. CgH705(C0C6H5)3 requires 
COCJgH,, 60 45%.) 

(/) Rabbit glycogen. Yield 80%; [a]]] +113*4" (c=l*0, 1 — 2) in CHCI 3 . 
(Found: COCeHg,' 65*0%.) 

Regeneration of the carbohydrates. The acetates were de-acetylated by allowing 
them to stand for 24 hours at room tempe^rature in contact with a 50 % excess 
of 50% aqueous methyl alcoholic 3% KOH. After acidifying with acetic acid, 
2 volumes of alcohol were added and the resulting precipitate was washed with 
66% alcohol and repreeipitated twice from water by 2 volumes of alcohol. The 
final product was examined by the procedure of Bell and Young, and in addition 
the hypoiodite reducing values were determined by the method of Ma(‘leod and 
Robison [1929], and phosphorus, inorganic and organics, by the methods of 
Lohmann [1928] and Lohmann and Jendrassik [1926]. 

Owing to their insolubility in alcohol, the benzoates were divssolved, in 10% 
concentration, in acetone and shaken at room t<3mperature for one hour with 
two-fifths volume of 20% KOH. The reaction was completed by warming at 50" 

Biochem. 1935 xxix 129 
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for 10 min. The addition of 2 volumes alcohol rendered the gummy precipitate 
solid ; this was reprecipitated three times from water (after acetic acid neutrali- 
sation) with 2 volumes alcohol. 

The properties of the regenerated materials appeared little altered (Table II), 
except with regard to the opacity in solution. This was appreciably lessened in 
the case of material regenerated from the acetates and considerably so in that 
regenerated from the benzoates. The yields were theoretical. 

Summary. 

Rabbit and fish (Gadidae) liver glycogens do not appear to undergo degra- 
dation when acetylatod or benzoylated by the methods employed. Examination 
of the regenerated glycogens with respect to reducing power (ferricyanide and 
hypoiodite), rotatory power and rate of hydrolysis with acid reveahd no signi- 
ficant differences from the same properties of the original materials. 

The organic phosphorus contents were very small and were diminished to 
even lower values on regeneration. 

We desire to acknowledge with gratitude the award of a Senior Studentship 
of the Exhibition of 1851, and a grant from the Royal Society to one of us 
(D. J. B.). We arc also indebted to Sir J. C. Irvine for his continued interest. 
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CCXXXVIIL LIVER GLYCOGEN. 

in. THE MOLECULAR UNITS OF FISH 
AND RABBIT GLYCOGENS. 

By DAVID JAMES BELL. 

From the Physiological Laboratory, Marischal College, 

The University of Aberdeen, 

{Received July 25th, 1935,) 

In continuation of investigations in progress in this laboratory, glycogens from 
rabbit and fish livers, purified by the method of Bell and Young [1934], have 
been subjected to methylation according to Haworth and Percival [1932]. 
Although preliminary acetylation is thus involved, Bell and Kosterlitz [1935] 
have shown that it is unaccompanied by degradation, and it is therefore con- 
cluded that true methylated glycogens are obtained in this way. Hydrolysis of 
these derivatives, followed by quantitativ’^e separation and investigation of the 
ch^avage j)rodu(*ts, revealed complete chemical identity of th(} two glycogens 
deriveci from widely different sources, although Bell and Young previously 
found a distinction in respect of the coloration developed with iodine. 

Both glycogens, wdien fully methylated, showed OMe 45-4-45-5%, values 
which were not raised by rej:>eated treatment with dimethyl sulphate, although, 
as will be seen, the substances were not completely otherified. It was found 
impossible to apply the liquid ammonia method of methylation owing to in- 
solubility of the materials in that medium. The properties of the two products 
were identical (see b(4ow) and both gave, in aqueous solution, a deep reddish 
brown coloration with iodine, indistinguishable from that of pure rabbit liver 
glycogen. 

After hydrolysis, separation of the cleavage products pelded, in both cases, 
analytically pure tetramethylglucopyranose, in amount over 9 % of the starting- 
material, indicating on the basis of Haworth and Percivafs formula, a molecular 
magnitude approximating to 12 glucose units. The bulk of the cleavage products 
was 2 : 3 : fi-trimethylglucose, uncontaminated by isomerides; and in addition 
about 15 % of dimethylglucose. That this arose from the presence of unetherified 
hydroxyl groups present in the methylated glycogen, and not from the eliminat- 
ion of side-chains by hydrolysis, was shown by treating methylated glycogen 
(a) with nitrogen poiitoxido in dry chloroform and (6) with dichloroacetyl chloride 
in dry pyridine at — 10"^ [Bell, 1935] whereby nitrate was introduced by (a) 
and dicMoroacetyl by (6). 

Table I records the general results of the investigation — ^rabbit glycogen 
being investigated with respect to two separate preparations. 

Discussion. 

The methods employed in this work lead to excellent recovery of cleavage 
products. The amounts of dimethylglucoses obtained assist considerably in 
assessing the molecular magnitude of these glycogens, since change in chain- 
length and degree of methylation alters the ratios, trimethylglucose/tetramethyl- 
glucose and trimethylgluoose/dimethylglucose, indicated by examples in Table II. 

( 2031 ) 12a-2 
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Table I. 


The values in parentheses indicate theoretical yields calculated on the basis that methylated 
glycogen gives, on cleavage, 1 mol. tetra-, 9 mols. tri- and 2 raols. di-mcthylglucose. 



Rabbit glycogen 

r 

Fjsh glycogen 


I 

n 

111 

[a|„ iu CHCl, 

4- 208-5^" 

4 208-7" 

t 208-5" 

[aj„ m Hjl) 

— 

4 208-0^ 

4 207-7" 

Amoimt of material hydrolysed (g.) 

19-34 

20*43 

27-052 

VK‘ld of tetramethylglucosc (g.) 

l-80() 

1-852 

2-480 

(1-851) 

(1-955) 

(2-590) 

„ trimethylglucose (g.) 

1.5-425 

15-858 

20-832 


(15-880) 

(18-.550) 

(21-940) 

„ dimothylgliicose (g.) 

3-15.5 

3-0(K> 

4-094 

(3-38()) 

(3-445) 

(4-.5r»5) 

*^0 recovery of cleavage products 

97 

94 

93 

% t)f starting material as tetramethylglucosc 

No. of Cfi chains in molecular unit of glycogen 

9-3 

9-0 

9-2 

12 

12 

12 


Table II. 







No. of molecules of 








cleavage products 








A 

B 

c: 




No. of 


No, of 


Tetra- 

Tri- 

J>i- 

Ralios, 

by weight 


Cfl units 


free OH 

OMe 

methyl- 

methyl- 

meth\l- 

^ 

^ 


in chain 


groups 

O/ 

/O 

glucose 

glueoso 

glu(‘ 08 e 

B/A 

B/C 

1 

12 


1 

48-3 

1 

10 

1 

9-4 

10-8 

2 

12 


2 

45-3 

1 

9 

2 

8-5 

4-8 

3 

12 


3 

44-2 

1 

8 

3 

7-8 

2-9 

4 

13 


2 

45-2 

1 

10 

2 

9-4 

5-3 

5 

13 


3 

44-4 

1 

9 

3 

8-5 

3-2 

0 

11 


J 

45-2 

] 

9 

1 

H-5 

9-t) 

7 

11 


2 

44-1 

1 

8 

2 

7-8 

4-3 


Found : 

1 

OMe 

% 45-4 

Ratio B/A 

8-5 

Ratio B/C 

99 

4-4 



II 


45-5 


ff 

8-6 

5-3 


III 


45-5 


ff 

8-4 

99 

5-0 


The only values which correspond closely to those found are afforded by the 
cleavage products of a dodecasaccharide in which 36 of the 38 OH groups are 
etherified (including the reducing group), the free OH groups existing each in 
a different Q unit (line 2, Table II), The glucose units are united in an unbranched 
chain, since the OH groups were proved to exist as such in methylated glycogen, 
by the introduction of nitrate and of dichloroacetyl. 

These results, besides fully substantiating the conclusions of Haworth and 
Percival regarding rabbit liver glycogen, further disclose the biologically inter- 
esting fact of the chemical identity of rabbit and fish liver glycogens. 

Experimental. 

Mpihx)xyl estimations were made by an apparatus and reagents carefully cali- 
brated by means of pure substances of known composition, when a straight-line 
relationship was shown to exist between the found and true values, by which 
those stated in this paper are corrected. 

MethyJation of the. glycogens. This was effected by Haworth and Percival’s 
modification for glycogen of the process of simultaneous deacetylation and 
methylation originally used by Irvine and Robertson [1926]. The acetates here 
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employed have already been described by Bell and Kosterlitz [193t5J. Yields 
were excellent and the derivatives wore obtained as white solids after precipi- 
tating several times from acetone solution by light petroleum (b.p. 60-80°) and 
evaporating a centrifuged acetone solution of the precipitatfi to dryness under 
reduced pressure. The raethoxyl contents attained maximum values after 8 to 10 
methylations and in each instance 8 further methylations proved ineffective in 
increasing them. 

The three preparations (rabbit, I and II, fish. III) were all soluble in acetone, 
chloroform, benzene, pyridine, glacial acetic acid and cold water. In this last 
solvent all gave with iodine a red-brown coloration indistinguishable from that 
of rabbit glycogen. 

By dissolving in cold water and raising the temperature to 80-90° the 
methylated glycogtms were completely precipitated and c*ould in this way be 
easily fretnl from any appreciable amount of ash. The rotatory powers are de- 
tailed in Table 1. (OMe found: 1, 45*4; II, 45-5; HI, 45*5%.) 

Hydrolysis by aqueous acid and separation of the, cleavage produrAs. An initial 
difficulty was provided by the insolubility of methylated glycogen in hot water: 
hydrolysis, howf^ver, was easily effected by adding 5 parts of gla(dal acetic acid 
to 1 })a!-t of m('thylat(Kl glycogen and reducing the pressure inside the flask so 
as to permeate th(‘ solid with solvent, then adding 10 parts 5 % HCl and heating 
on the water- batli : tlu' solid rapidly dissolved to give a yellow solution. Heating 
was continued until a constani polarimcdric reading was obtained. Barium 
carbonate, 10^‘'o in excess of the H(^l use'd, was then added and the whole 
ovaporat(‘d to complete drynt'ss under reduced pressure Ixdow 50°, water being 
adih'd from time to time to facilitate removal of acetic acid. The residue w’^as 
finally dried by alcohol- ben zone, and worked up as described diagi'ammatically 
below. 


(Ifauejf jiroiturfs-^ Bu 


(Kxhaustod AMth dry tyij,) 

I 

Truieihijl- fieri ivinnnf th 


I 

Dimvihylgluco^f , (d<‘. Ba mltf< 

(ExhauNted with dry AoOEf. 
Taken to dryness) 

Jhmeth ylgluroms, 

(Purific<l by further extrac- 
tion with AeOEt) 

/ 

/ 

/ 

CHCi, e.Hrart to drynes,^ 


( Extracted with boiling light 
petroleum) I \ 


Pure tetramethylglucoee 


(('qH^ removeil, residue dissolred in b parts boiling water. Solid 
separated, hltered ofY, nsiduc .4, and washed with 4 parts 
boiling water on tilter. t’olourless ai^ucous solution ( -- 1 vol.) 
cooled and extracted l.l tunes with 1/20 vol. CHCl.,. (TlEl,, 
extract washed 3 times with 1,40 vol. water. I’otal water 
eon (*erit rated in ravfw to 14 vol. and extracted <i times with 
1/5 of its volume of OllCia. tinJl, extracted washed as 
before) / > 

/ j 

Water layer to dri/e(\ss 

(extracted with 50/50 mixture of ( and Et20. 

Taken to riryness) | 

Pu re in meth ylgl ucose 


JSUght remduc, B 


It should be noted that Macdonald [1935] has recently substantiated the 
applicability of chloroform-water extraction to the quantitative separation 
of tetramethyl- from trimethyl-glucoses, and that the author has long been 
accustomed to effect quantitative separations in this manner. He has been 



2034 


D. J. BELL 


aware that trimethyl-sugars, if present in sufficient concentration, are extracted 
by chloroform, but also that washing with water removes them from the chloro- 
form layer. Accordingly, the procedure adopted to separate approximately 10 % 
of the tetramethylglucose from a mixture of lower homologues is included in 
the above scheme. In this manner the cleavage products from glycogens I, 
II and III, yielded analytically pure, largely crystalline 2:3:4:6-tetramethyl- and 
2:3:6-trimethyl-glucose, and syrupy dimethyl-glucoses as indicated in Table III. 


Table III. 


Methylated glycogen 

Amount hydrolysed, after deducting residue A 

2:3:4: (i-Tetramethylglucoso : 

Amount found 

of fused substance 
in water 

[a]}f in water of authentic material 
OMe (%) 

Theoretical OMc (%) 

M.i*. after draining on tile 
Mixed M.p. 

2:3: 6-Triinethylglucose : 

Amount found 

of fused substance 
in water 

in water of authentic material 
OMe(%) 

Theoretical OMe {%) 

M.P. after draining on tile 
Mixed M.p. 

Dimethylglucose ; 

Amount found 

OMe (%) 

Theoretical OMe (%) 


1 

11 

III 

19-340 g. 

20-430 g. 

27-052 g. 

l-80f> g. 

1-852 g. 

2-480 g. 

1-4590 

1-4585 

1-4580 

4-82-0° 

4- 83-1° 

4-84-0° 

4-83° 

4-83° 

4 83° 

52-5 

52-3 

52-5 

52-5 

52-5 

.52-5 

80-88° 

87° 

87° 

No dcp. 

No dep. 

No dep. 

15-425 g. 

15-850 g. 

20-832 g. 

1-4750 

1-4755 

1*4750 

4- 69*8° 

+ 70-0° 

f69*8° 

4-70° 

4-70° 

4-70° 

41-8 

41-9 

41-9 

41-9 

41-9 

41-9 

117° 

115-118° 

110-113° 

No dep. 

No dcp. 

No dep. 

3-155 g. 

3-000 g. 

4-094 g. 

1-4850 

1-4800 

1-4850 

30-0 

29-7 

30-0 

29-8 

29-8 

29-8 


The dimethylglucose was proved to be homogeneous by converting it into 
the glucoside, which distilled in one fraction leaving no residue. Acetylation of 
the barium residues yielded no appreciable amounts of material, showing that 
monomethylglucose and glucose itself were absent from the cleavage products. 

Besuhies A and B. Residue B was always too small in amount to be investi- 
gated, but residue A from glycogens I and III was examined in respect of 
[a];^ and OMe. The substances were obtained in small amount, 19*925 g. of I 
giving 0-585 g. ([a],, (in CHClgl-f-ieO^ OMe, 35%) and 27*936 g. of III giving 
0-884 g. ([a],, (in CHCy-h 158^^; OMe, 34%). 

Detection of free hydroxyl groups in fully methylated glycogen. Treatment at 0*^ 
of a dry chloroform solution of methylated glycogen with a 30% solution of 
nitrogen pentoxide in chloroform for 2 min., introduced nitrate groups, as shown 
by a strongly positive diphenylamine reaction. In addition, approximately two 
dichloroacetyl groups could be introduced by the action of dichloroacetyl chloride 
in i)yridine at -10". (Found: Cl, 4*6; C72H820e2.(CH3)88.(C2H0Cy requires 
C], 5-2 %.) The solubilities and outward appearance of these derivatives were 
unchanged from the parent materials. 
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SUMMABT. 

Fish and rabbit liver glycogens, investigated by the methylation method, 
were shown to have the same chemical structure. Hydrolysis of the fully 
methylated glycogens (OMe, 46'6 %) followed by quantitative separation of the 
cleavage products (obtained in over 93% yield) into analytically pure tetra- 
methylglucopyranose, 2:3:6-trimethylglucose and dimethylglucoses showed that 
both kinds of glycogen are built up of unbranched chains of 12 glucose units. 

The author is indebted to the Commissioners for the Exhibition of 1851 for 
the award of a Senior Studentship. He further acknowledges the assistance 
provided by grants from the Royal Society and the Medical Research Council. 
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CCXXXIX. THE INHIBITION OF RESPIRATION 

BY CYANIDE. 

By WILLIAM EDWARD van HEYNINDEN.' 

Front the. Biochemical Laboratorif, Cambridge, 

(Received July 13th , 1933.) 

Dixon and Elliott [1929] published a communication on the effect of cyanide 
on the respiration of animal tissues in which they claimed to have found that 
tlie maximum inhibition of n^spiration of animal tissues (kidney, liver, sj)leen) 
by cyanide was only 30-90%. Alt [1930], working in Warburg's laboratory 
with Ringer- i//40 hi carbonate -CO 2 (0*03A)-0r) atm. press.) nu'dium, clainuHl to 
have found practically complete inhibition with animal tissues. He ascribt‘d 
the low values of Dixon and Elliott to the infliu^nce of their medium, wJiic^h 
had too high a phosphate concentration and a zero C/(\, pressure. 

It was with a view to a closer investigation of the influence' of the ])hosphat.c, 
bicarbonate, and COg concentrations on respiration and on if;s inhibition that I 
carried out the following experimtjnts. 

I. Methods. 

Respiration was mi'asured by Warburg's metliod as d(*s(Tib('d })y Dixon 
|J934|. Th(^ manometer flasks used were conical with an imuT (‘up for retaining 
the solution for absorbing res]uratory (X'lg. The medium used was that of Kr('J)s 
[1933], modified in so far as it now contained 10 pliosphat(\ In order to 
make the m(‘asur(‘ments more accurate, large amounts of tissue wore us('d when 
dealing with a high concentration of cyanide and an organ with a low oxygen 
uptake. Thus, for instance, with ox spleen and 10 H(>N it was ne(*essary to 
use as much as 73 mg. dry weight of tissuci, whilst 3*5 mg. wen* suffi(‘ient when 
no poison was used with rat kidney. It was found, however, both by Dixon and 
Elliott and by myself that respiration was indejxuident of th(^ volume in which 
the tissues were suspended. After each oxy)erimeuit t he tissues were w^ashed, 
dried at 100® to a constant weight and wtjighcd. The oxygen consumption is 

expressed by the quotient Qq^, which is w t^"f measurements were 

made at 37*5®. 

Technique of HGN poisoning. 

Cyanide poisoning is reversible and tlierefore it ivS essential to prevent the 
KOH in the inner cup from absorbing HCN. Krebs [1935J has recommended 
certain solutions containing varying proportions of KCN and KOH which are 
so adjusted as to have a concentration of free HON equal to that in the outer 
cup. When HCN (which was prepared by neutralising pure KCN with HCl) was 
used a KCN-KOH solution with a corresponding free HCN concentration was 
placed in the inner (jup of the manometcir vessel. This absorption is accelerated 
by th(^ small squares of filter-paper which are always placed in the inner cups. 

That these precautions are essential is clear from the figures in Table I, in 
whi(ih the results of experiments with KCN~KOH mixtures and KOH alone 
are re(Kjrded. 

* fcJir Donald Currie Memorial Research fSt udent. 
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Table I. Showing the effect of absorption of HON by KOH. 
Rat kidnoy slices with d o % glucose substrate. 


Concentration 


KCiV-KOH in inner cup 


KOH alone in inner cup 


of cyanide inhibition <?02 inhibition 

NoHCN — — — 

-19-4 20 -23*5 00 

- 4 0 79*9 18-3 7*5 

10-2 j/ HCX - 31 84*3 - (S I 691 


This absor])tion of HCN will probably account to some extent for the low 
degree of inliibition found by Dixon and fi^lliott, and by Alt whtm he repeated 
their experiments, since these workers did not take the pret^autions described 
above. It may also be possible that the values found by Banga ci al. [1931] 
for the inhibition of the respiration of jiig heart muscle are too low. 


II. Influknck of medit^m. 

Tnflvence on respiration. 

Dickens and ftirniT [1931] have found that the respiration of a variety of 
tissu(*s is th<' same in bicarlionate-saline medium as in phosphate-saline medium. 
Dixon and Elliott, howinw, used a pure j)hosphatt‘ buffer as medium in which the 
con cimt ration was d//10, whereas the phosphate concentration in the medium 
of Dickims and Siincr was 3/;4(). The great variations and low values of Dixon 
and Elliott’s figures for the ri^spi ration of various animal tissues suggest that a 
higli ])hosphat(' conc'entration is harmful. 

1 carrii'd out a number of exjieriments in which the respiration and its 
inhibition of rat liver and kidney slices wovo measured in Dixon and Elliott’s 
medium and in the medium described in section 1. The results of these experi- 
ments are recorded in Table 1 1. 

Table II. Showing (he influence of mejJlum on respiration 
and on its inhibition by cyanide. 

Pure phosphate medium Saline medium 



( oncontrat'ion 

, — — - ' 




" ^ 

Tihnuc 

of cyani<lc 


inhibition 

Qtu 

inhibition 

Rat liv<‘r 

CoiiIi’dI 

- 8 8 

— 

- IM 



10-«jU 

- 7*3 

17*0 

- 9*9 

10*7 



- 2*5 

71-6 

- 2*1 

81*1 


19-2 M 

- 2*0 

77*2 

- 1*8 

83*8 

Rat liver 

CVmtrol 

- 7*9 

— 

. 10*4 

— 


10 

- 8*3 

0*0 

- 8*5 

18*2 


10-23/ 

- 3*4 

57-0 

- 2*1 

79*9 


10-23/ 

- 3*2 

59-5 

- 2*0 

80*8 

Rat- kidnoy 

Control 

-11*4 

— 

-19 0 

— 

H) 2x1/ 

- 2*4 

79-9 

- 2*9 

84*7 


10-2 

- 2*2 

80-8 

- 1*9 

90*0 


These figures show that the respiration in pure phosphate medium is lower 
than in saline medium with Af/40 phosphate. Thus the respiration in phosphate 
medium for the two cases of rat liver and the one case of rat kidney is 79, 74 
and 00% respectively of the respiration in saline medium. 
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Infiuence on degree of inhibition. 

In Table II it will be seen that with 10"" W HCN the absolute values for 
the are very nearly the same in both media. Jf/10 phosphate inhibits the 
same part of the respiration as is affected by cyanide. The consequence is that 
the degree of inhibition is less. 

III. Measurements of inhibition by cyanide. 

The respiration of several different organs and its inhibition by varying 
concentrations of cyanide were now measured. I found that the degree of inhibi- 
tion increases rapidly with increasing concentrations of cyanide up to a con- 
centration of 10"® if . At this stage the degrt^e of inhibition ranges from about 
75 to 85%. It is only very slightly increased by a further tenfold increase in 
cyanide concentration. The percentage inhibition is plotted against molar con- 
centration of HCN in the typical curves in Fig. 1. The results of these experiments 
are recorded in Table III. 



Fjg. 1. Degree of inhibition produced by increasing concentrations of cyanjde. 

The degree of inhibition by HCN varies with different tissues and 

with different substrates from about 80 to 90 % . An exception is seen in the case 
of Exp. 15 (guinea-pig kidney with pyruvate substrate), where the inhibition 
with l()“2i|f HCN is only 46%. This is probably due to a reaction between 
pyruvic acid and the HCN (formation of cyanohydrin?). 

IV. Discussion. 

Alt (see also Warburg [1931]) measured the inhibition of respiration of tissue 
slices suspended in bicarbonate-saline-CO^ medium and found that there was 
an increase in degree of inhibition with increasing concentration of cyanide, 
reaching pratitically complete inhibition at a concentration of 10""^ Jf. The pro- 
duction of lactic acid in the bicarbonate medium, however, would complicate 
the measurement of respiration. The low respiration associated with a high 
concentration of cyanide would be difficult to measure accurately, and it is 
possible that the difference between the results as found by his method and by 
mine is not real. 
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Table III. Respiration, and its inhibition by cyanide, of various tissues. 





No 

10-*M 

i(r^M 

10-* Af 

bition 



Added 

HCN 

HCN 

HCN 

HCN 


No. 

Tissue 

substrate 

Q02 


Q02 

O 02 

HCN) 

1 

Sheep liver 

9*5% glucose 

- 2-6 

- 2*4 

-0*55 

-0*57 

78*1 

2 

Sheep kidney 

glucose 

- 140 

- 9*8 

-2*1 

-1*8 

87*1 

3 

Ox liver 

0'5% glucose 

- 1*8 

- 1*4 

-0*86 

-0*7 

6M 

4 

Ox spleen 

lOr^M laetate 

~ 41 

- 3*0 

-0*95 

-0*83 

79*8 

5 

Ox spleen 

None 

- 3*8 

- 3*0 

-0*98 

-0*84 

77*9 

6 

Rat intestine 

0-5 glneose 

- 7*5 

- 6*6 

-1*9 

-1*6 

78*7 

7 

Rat brain cortex 

0*5% glucose 

-15*0 

- 9*8 

-2*6 

-1*6 

89*3 

8 

Rat kidney 

10' laetate 

-33*0 

-24*7 

- 7*3 

-4*2 

87*3 

9 

Rat kidney 

None 

20*6 

-18*7 

-3*1 

-2*2 

89*3 

10 

Rat kidney 

None 

- 19*0 

— 

-2*9 

-1*9 

90*0 

11 

Hat kidney 

0*5% glucose 

-19*8 

~ 19*4 

- 4*0 

-3*1 

84*3 

12 

Rat testis 

0*5 ^/o glucose 

- 8*0 

- 5 8 

-1*3 

-1*0 

87*5 

13 

Rat liver 

None 

- 10*4 

- 8*5 

-2*1 

-2*0 

80*8 

14 

Rat liver 

None 

-IM 

- 9*9 

-2*1 

-1*8 

83*8 

15 

Cuinea*pig kidney 

10“2jlf pyruvate 

- 14*7 

-15*2 

-13*0 

-7*9 

46*2 

16 

Guinea-pig kidney 

None 

- 13*0 

-12*7 

-2*7 

-2*3 

82*3 

17 

Guinea-pig kidney 

0*5 glucose 

- 16*7 

- 14*3 

-7*9 

-1*8 

89*2 


The low degrees of inhibition observed by Dixon and Elliott is probably due 
to the combined effect of the two factors already discussed, namely the removal 
of HCN by the KOH in the inner cup and the inhibition of respiration by the 
high phosphate concentration of their medium. 

As shown in Exps, 4 and o in Table III, the respiration of ox spleen is 
inhibited about 80 by HCN and 25% by 10“^ if HCN. This is not in 

agreement with the finding of Dixon and Elliott that there was no inhibition of 
the respiration of this tissue with as much as 3 x HCN. 

V. »SUMMARY. 

The respiration of liver, kidney and spleen slices suspended in lO^^if phos- 
phate-saline medium is inhibit.ed to the extent of 75-85% by 10~^M HCN and 
80-90% by HCN. 

The discrepancy between these results and those of other workers — especially 
the low values found by Dixon and Elliott — has been investigated. 

The thanks of the author are due to Dr H. A. Krebs, who suggested the 
investigation, for his constant help and advice; and to Sir F. G. Hopkins for his 
kindness and encouragement. 
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CCXL. THE LINKAGE OF CHEMICAL CHANGES 
IN MUSCLE EXTRACT. 


By DOROTHY MOYLE NEEDHAM 
AND WILLIAM EDWARD van HEYNINGKNA 

From the Biochemical Laboratory, Cambridge. 

{Receired Jvly 20th, 1935.) 

This work was started as a result of tlie first paper of a series by Parnas et al. 
[1934] on the inhibition of ammoiua production n^sulting from addition of 
phosphogly ceric acid to muscle '‘brei*' poisoned with iodoaoetate. Lohmann 
[1934] had shown that in dialysed muscle extract adenylic acid reacts with 
phosphocrcatine to give adenylpyrophosphate ; Parnas and his colleagues j)()int(*d 
out that muscle deaminases attacks only adenylic acid, not ad<‘uylpyrophosphate. 
They argued therefore from the NH 3 inhibition that synthesis of phospho- 
creatine had taken place at expense of the energy and the phosphate of phospho- 
gly ceric acid breakdown, and had been followed by conv(U’sion of adenyhc acid 
into adenylpyrof)hosphate by Lohmann 's reaction. Since that time they [Parnas 
et al., 1935, 1] have actually demonstrated in this mus(‘le ‘ brei ’ an increase in 
phosi)hocreatine (especially when creatine is added), and an inctrease in adenyl- 
pyrophosphatti, accompanying the ammonia inhibition. In Panias's experi- 
ments the iodoaoetate prevented the breakdown of the carbohydrate of tht‘ 
'‘brei ' by inhibiting the dismutation of dihydroxya('eton()])h()Hphate to give 
gly(*,eropbosphate and phosphoglyceric acid [Meyerhof and Kiessling, 1933, 1 . 
Embden and Deuticko, 1934; Ostern, 1934]. Barronseheen and his colk‘agues 
[1935] have also shown that, during the disappearance of phosplioglyceric acid 
from muscle brei *’ or extract, there is an mcrease in easily hydrolysa bio organic; P, 
although, apart from showing some increases in phos])hop\TUvic acid, th(;y did 
not identify the compounds formed. 

Our own work was carried out on dialysc^d mus(;le extracts, which have th(‘ 
advantage of containing no (;arbohydrate or carbohydrate; breakdown products, 
so that the addition of any poison is unnecessary in showmg the etl’ect of added 
phoHi)hogly ceric acid. The extract can also Ix^ obtained free from (jreatiiK;, 
adenylic acid, adenylpyrophosphate and magnesium, and the effect of adding 
any of th(;.se can be observed. A preliminary report of the present work was 
sent to Nature [Needham and van Heyningen, 1935|; a few days before this 
was published a ju’eliminary account of similar results with dialysed inus(;le 
extracts by Ostern et al. 1 1 935, 1 ] appeared, and shortly afterwards Meyerhof 
and Tj(dimann [1935] described similar work. 

Technique. 

Preparaikm of extracts. The frog muscle extract was made as described by 
Meyerhof [1920 ], by crushing the muscles in water at 0°. For the rabbit muscle 
extract, the animal was anaesthetised with Numal Roche, killed by bleeding 
and skinned ; the hind limbs were cooled in ice, then the muscle was removed, 
miuctxl in a cooled mincer, and mixed with 3 vols. of ice-cold water, being 

^ Sir Donald Currie Memorial Research HturJent. 
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allowed to extract for 30 min. before straining and centrifuging. Dialysis was 
(tarried oxit in a cellophane bag, holdmg 15-30 ml. extract, which was arranged 
to move slowly ]>ackwards and forwards in the vessel containing 5 litres of 
ice-cold 0-5 % KCl solution. The KOI solution was kept well stirred. 

The extracts were buffered with var^mig amounts of phosphate and bicar- 
bonate. In Exps. I and 2 the was about 9*0; in the later experiments it 
was always maintained at 7*2 by bubbling nitrogen containing 5% OO 2 through 
the bicarbonate-containing mixture. 

Th(^ barium was n^moved from tlu^ barium adenylpyi‘ophosphate and barium 
phosphoglycerate before* adding to the extract. This was done by dissolving in 
as little H(J1 as possible, adding the (ialcailated quantity of sodium sulphate, 
spinning off the precipitates and neutralising. 

Methodfi of nnalf/shs. All th(i ])hosphate (estimations w(u*(? done by Fisko and 
Subbarow's [1929 ] method. The separation of the phosphocreatine fraction, with 
soluble calcium salt, from the fre(^ phosphate* and adenylpyrophosphate was 
made by means of Fiske and Subbarow's raCl 2 -(^^a(OH >2 reagent. Pvrophosphate 
values were found by 7 minut(^s‘ hydrolysis in N HCl at 100°; the difficultly 
hydrolysable phosphate (ph os f)hogly ceric acid-P) was found by taking the 
difference b(*-tween the total a(‘id -soluble phosphate and the free phosphate 
after 2 hours’ hydrolysis at 1(M)° in X HCl (an allowance must be made for some 
ad(*nylic a(ad-P unhydrolysed after 2 hours). All tlu^se hydrol 3 "ses were done 
in tubes fitted with watcT condensers- Total P was estimated by the method of 
Eggletoii and Eggleton [I92fl-30]. Lactic acid was estimated by the method of 
Fri(*d(*mann et al. [1927], and pvTuvic acid b^^ Case's [1932] method with one 
modification (for which we are indebted to Prof. A. Szent-Gyeirgyi). After the 
formation of the' dinitro]ih(‘nylhydrazones, the excess of dinitrophemdhydrazine 
is r(unov<*d by addition of 1 ml. of 10% NaNOg solution to (^ach 25ml. sample. 
Without this precautiem, high blanks were always obtained. After 1 minute's 
action of the NaNOg th(^ extraction with ethyl acetate is begun; with longer 
delay the hydrazones may be acted upon, and low pyruvic acid values result. 

The samples of extract W(»re as a rule deproteinised by running into tri- 
chloroacetic* acid of such a strength that the final concemtration of trichloroacetic 
acid was 4^^ ; whore phosphocTeatine estimations were to be done, the sample 
and the acid were cooled to 0° before mixing. Whc're lactic acid was to bo esti- 
mated, protein was removed with phosphotungstic acid. All experimental results 
are expressed in mg. 

Pre/paration of barium adenylpyrophosphate.. This was made from rabbit 
muscle according to the shorter method (method a) described by Lohmann 
[1931, 1]. The barium precipitat(3 was twice redissolved in acid and reprecipi- 
tated with alcohol aiul barium acetate, and the final precipitate was washed 
many times with 50% alcohol. The resulting salt was 97*5% pure. For the 
adenylic acid used we are indebted to Dr P. Ostem, and for the barium salt of 
phosphoglyceric acid to Prof. O. Meyerhof and Prof. C. Nouberg. 

Synthesis of phosphocreatine. 

Two typical experiments to show the conditions under which phospho- 
creatine may be synthesised in frog muscle extract are given below. 

ICacps, 1 and 2, In each cane ihe extract stood 1 hour at room temperature and was dialysed 
5 hours at 0®. It was made 0*0431 with regard to bicarlxmate and 0*0331 with regard to phos- 
phate, 1 ml. extract was made up to 2 ml.; each sample contained 0*38 mg. phosphoglyceric 
aoid-P and 0*1 mg. Mg as MgCl^. All stood 1 hour at room temperature. (See Table 1.) 
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Table I. 


p. 1. 

Inorganic P 

Change in 
inorganic P 

Phospho- 

creatine-P 

Without addition 

0*880 

— 

0 

+ 2 mg. creatine 

0*853 

-0*027 

0 

-f adenylpyrophosphate containing 

1*090 

+ 0*210 

0 

0*023 mg. pyrophosphate- P 
+ 2 mg. creatine + 0*4 mg. adenylic acid 

p. 2. 

Without addition 

1*090 

+ 0*210 

0*067 

0*690 



0 

“i 6 mg. creatine 

0*660 

-0*030 

0 

+ 0*4 mg, adenylic acid 

0*880 

+ 0*190 

0 

+ 6 rag. creatme + 0*4 mg. adenylic acid 

0*850 

f- 0*1 60 

0*054 


These experiments show: {a) That phosphogly ceric acid is broken down, 
with production of inorganic phosphate, when either adenylic acid or adenyl- 
P3a’ophos})hate is present, (b) That the presence of creatine*, in the absence of 
these adenylic compounds, docs not assist breakdown, (c) That when break- 
do\^Ti occurs, provided creatine is present, phosphocreatine is synthesised. 

These dialysed frog extracts did not show great activity, and the (experiments 
were repeated and extended, using rabbit extract. 

K.vp. 3. The extract stood 1 hour at 20®, then was dialysed for 4 hours at 0®. It was made 
0*032 with regard to bicarbonate and 0*01 M \vi(h regard to phosphate. For each sample 4 ml. 
of the alkaline extract wore used and made up with the various addition.s to 8 ml. Each .sample 
had 0*6 mg. Mg. All stood 1 hour at room temperature. (See Table 11.) 

Table II. 

A ■- +24 mg. creatine + 1*6 mg. adenylic acid + 1*1 mg. phosphogly cenc acid-P. 

B — + 24 mg. creatine + 1*6 mg. adenylic acid. 

C ~ + 24 mg. creatine + 1*1 mg. phosphoglyoeric acid-P. 

+ 1-6 mg. adenylic acid -f 1*1 mg. phosphoglyccnc acitl-P. 

(2 hours’ hydro- 

lysable T’) Eifticultly 



Inorganic P 

Phospho- 

creatine-P 

Pyrophos- 

phato-P 

- (7 min, 
hydrolysable I*) 

h;ydro- 
lysable P 

Total P 

A 

2*10 

0*320 

0*384 

0*112 

0*448 

3*36 

A 

1*89 

0*000 

0*032 

0*112 

0*240 

2*27 

C 

2*08 

0*496 

0*080 

0*352 

0*304 

3*31 

D 

2*08 

0*016 

0*384 

0*256 

0*576 

3*46 


This experiment shows : (a) The disappearance of phosphoglyceric acid-P ; 
in A only 19%, in C only 13% and in D only 30% remained at the end of 
the time. (Allowance was made in A and D for the adenylic P unhydrolysed in 
2 hours, about 60% .) (6) The very slight increase in inorganic P accompanying 
the breakdown, (c) The largo increase in phosphocreatine, especially in C. This 
last fact is probably to be explained by incomplete removal of the adenylic acid 
of the extract by (ieamination and dialysis, as rabbit extract is well known to 
retain its activity much longer than frog extract [Lohmann, 1931, 2]. In A, 
where extra adenylic acid was added, this has probably reacted with some of 
the phosphocreatine formed, with the result that the phosphocreatine content 
is decreased. The incompleteness of the dialysis is further sliown by the forma- 
tion of a small amount of phosphocreatine in D, where no creatine was added. 
(d) The synthesis of adenylpyraphosphate. The fact that a synthesis, though 
small, has gone on in C confirms the view that adenylic acid is present in this 
sample ; in A and D an amount of adenylpyrophosphate equivalent to the whole 
of the adenylic acid added has appeared. 
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In A 61%, in C 50% and in D 33% of the phosphoglyceric acid-P appears 
as phosphocreatino-P+adenylpyrophosphate-P, whilst only about 18% appears 
in each as inorganic; P. 

There seems to be no phoaphop^Tuvic acid present, as the pyruvic acid con- 
c^entration was not altered by 1 hour s hydrolysis in N acid at 100°. 

Evp, 4. Another experiment was made with extract which stood 2 hours at 37° and was dialysed 
6 hours at 0°. Samples were prepared as in Exp. 3, except that 1-3 mg. phosphoglyceric acid-P wore 
added in each case, (See Table III.) 

(2 hours' 
hydro- 



Inor- 

Phospho- P\To- 
crea- phoH- 
tine-P phato-P 

Jysa}>le 

>)- 
(7 min. 
hvdroJvs- 

Difli- 
oultly 
hydro- 
Ivsablc 
‘ P 

Total 

Pyruv’ic 

Change 
in inor- 

Change in 
phospho- 

Change 
in pyro- 
phos- 

Change in 
phospho- 
glyceric 


ganic P 

kblo P) 

P 

arid 

ganic P 

creatine-P 

phate-P 

acid-P 

A 

2- 16 

0*064 0144 

0r>60 

0*176 

3 04 

1*54 

-1-0*75 

+ 0*064 

+ 0*144 

-1*24 

B 

J41 

0 0 

01 92 

0*112 

1*71 

— 

— 

— 

— 

— 

0 

147 

0*048 0 

0*512 

0*736 

2*72 

I’raoo 

-M)*(K>6 

+ 0*048 

0 

-0*76 

1) 

2-34 

0 0 

0*464 

0*224 

2*94 

1*50 

+ 0 93 

0 

0 

-M9 


This ex])oriment bc^ars out the results of the last, but the phosphocreatine 
and pyrophosphates s^Tithesea are much less and tJie production of inorganic 
phosphate much greater. In tin; light of the work described later, it seems likely 
that the enzyme responsible for the interaction between adtmyl pyrophosphate 
and creatine has been damaged by keeping, whilst the enzymes responsible for 
interaction between phosphoglyceric (or pho 8 phop 3 rruvic) acid and adenyUc 
acid, and for the breakdown of adonylpyrophosphate to adenylic acid and 
orthophosphate, retain tludr activity. Groatine seems to have been dialysed 
away completely, but a trace of adenylic acid seems still to be present in C. 

The nature of the oo-knzy'me yrnmoN of the adenylic compounds. 

The fact that creatine alone cannot bring about dophosphorylation of phos- 
phoglycerie acid in muscle extract, while in presence of adenylic acid or adenyl- 
pyrophosphate as well such dephosphorylation occurs and phosphocreatine is 
produced, leads naturally to the idea that the adenylpyrophosphate added or 
formed from the adenylic acid pho8phorylat(;s creatine by a reverse Lohmann 
reaction. According to this view, the phosphate of the phosphoglyceric acid is 
transferred to adenylic acid and the inorganic P appearing as a final product 
of phosphoglyceric acid breakdown is due to the action of ye^t another enzyme 
which converts adenylpyrophosphate into adenylic acid and free phosphate. 
Lohmann and Meyerhof [1934] have stated that the formation of pyruvic acid 
from phosphoglyceric acid in extract needs adenylpyrophosphate as co-enzyme, 
adenylic acid working much loss efficiently; they have also stated that phospho- 
glyceric acid breakdown has no effect in maintaining the adenylpyrophosphate 
concentration of an extract. Both these facts would militate against the view 
that the essential step in dephosphorylation of phosphoglyceric acid is the 
reaction with adenylic acid, giving adenylpyrophosphate. Our own experiments 
on these two points give opposite results, as is shown below, and Meyerhof and 
Lehmann also now take the view that adenylic acid reacts with phospho- 
pyruvic acid, formed from the added phosphoglyceric acid. Barrenscheen and 
Benesohovsky [1935] too have shown that adenylic acid is as potent as adeiiyl- 
pyrophosphate in restoring the power of an extract to form pyruvic acid from 
phosphoglyceric acid. 
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liJxp. 5, Frog muscle extract, kept 1 hour at room temperature, dialysed 4 hours. JO ml. 
extract were made 0-043/ as regards bicarbonate and 0*0043/ with regard to phosphate. 4 ml. 
of this extract were in each case diluted to 8 ml. ; both solutions contained adenylpyrophosphate 
(0-96 mg. pyrophosphate-P) and 1-2 mg. Mg. A contained also 1*6 mg. pliosphoglyceric acid-P. 
Both solutions were kept at room temperature, and samples wore removed at 0, 5, 30 and 60 rain, 
for the estimation of inorganic phosphate and pyrophosphate. The decrease in phosphoglye^ric 
acid was calculated by subtracting Ihe decrease in pyrophosphate from the increase in inorganic 
phosphate. (See Table IV.) 


B • 


Time 


Increase in 

Table IV. 

Pyrophos- 

phatc-P 

Decrease in 
pyrophos- 

Inorganic P 
from 
phospho- 
glyceric 

Phospho- 
glyceric acid- 

min. 

Inorganic P 

inorganic P 

phate-P 

acid 

P remaining 


1*44 

— 

0*96 

— 

— 

1*60 

1 5 

1-97 

0-53 

0*89 

0-07 

0*46 

M4 

1 30 

2-78 

1*34 

0*58 

0-38 

0-96 

0-64 

160 

3*50 

2*06 

0-17 

0-79 

1-27 

0*33 


1*44 



0*96 




— 


1*70 

0-26 

0-58 

0-38 

— 

— 

130 

2*08 

0-64 

0-13 

0-83 


— 

160 

2*18 

0*74 

0-17 

0*79 

— 

— 


This experiment shows the effect which phosphogly ceric acid has in pre- 
venting the disappearance of adenylpyrophosphate. An attempt was now made 
to compare the activities of adenylpyrophosphate and adenylic aedd as the 
co-enzymo of phosphoglyceric acid breakdown. 



Fig. 1. o — o with adenylpyrophosphate; • — • with adenylic acid. 

Exp. f). The alkaline extract w-as prepared exactly as in the last experiment. In each case 
5 ml of this solution were made up to 10 mi.; each solution contained 2 mg. phosphoglyceric 
acid-P and 1*5 mg. Mg. A contained 0*29 mg. pyrophosphate-P, and B an amount of adenylic 
acid equivalent this adenylpyrophosphate. Both were kept at room temperature and samples 
were removed at 0, 6, 10, 20, 30, 60 min.; inorganic phosphate was estimated. (See Fig. 1.) 
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Fig. 1 shows that no difference in rate of breakdown of phosphoglyceric acid 
was observable in the two cases. The fact that the inorganic phosi)hate in A starts 
0*24 mg. higher than in B suggests that the whole of the adenylpyrophosphate 
has been broken down to adenylic acid and orthophosphate in the first minute 
during mixing, before the first sample was taken, so that thereafter both samples 
were in the same situation with regard to co-enzyme. 

In order to overcome this difficulty of rapid conversion of the adenylpyro- 
phosphate into adenylic acid it was decided to use long-dialysed rabbit muscle 
extracts, as Lohmann [1934] has shown that such extracts lose their power to 
form inorganic phosphate from adenylpyrophosphate. 

Exp. 7. Rabbit extract, kept 1 hour at room temperature, dialysed 15 hours at 0°. Two 
solutions wore made up; 8 ml. of the extract were diluted to 16 ml., the final mixtures being 
<>•02 M with regard to bicarbonate and 0-002 M with regard to phosphate. Each solution oontained 
2-4 mg. phosphoglyceric aeid-P and 2-4 mg. Mg. Solution A had adenylpyrophosphate (4-64 mg. 
pyrophosphate-P), and B an amount of adenylic acid equivalent to tins adenyliiyrophosphate. 
The solutions were kept at 28°, and samples were removed at 0, 5, 15, 30, 60 min. (See Table V.) 


Time 

Inor- 

Pyrophos- 
phate- 1* 

4 inor- 

mm. 

ganic 1* 

ganic P 

r 

1*00 

5-70 

r> 

M5 

5-82 

A 15 

1-28 

5 90 

30 

1-41 

6-02 

loo 

1-73 

0-60 

i 

1-41 

3-08 

0 

1-47 

3-lM) 

B 15 

3-57 

3 90 

30 

1-83 

3-97 

loo 

2-59 

4-10 


Table V. 


Pyrophos- 

A^lenylie 

Inorg. T’ 
after 

2 hours’ 
hydro- 

phate-1* 

acifl-P 

lyww 

4-01 

2-32 

0-66 

4-67 


6*90 

4-62 


6-96 

4-61 

yy 

7-30 

4-87 

fy 

7-55 

1-67 

1-90 

3-97 

2-43 


4-00 

2.33 

»* 

4-00 

2-15 


4-80 

1-57 


4-73 


(2 hours* 
hydro- 
lysablc I*) 
-(7 mm. 
hyd ro- 
ly sable P) 

Total P 

Phospho- 

glyceric 

acid-P 

0-96 

10-25 

2*23 

1-14 

if 

2-10 

1-00 


2-04 

1-28 

,, 

1-92 

0*95 

»» 

1-22 

0-89 

0-01 

0-97 

0-70 


0-15 

0-70 


015 

0-8.3 

,, 

0-08 

0*57 

,, 

0 


In this experiment rapid interaction between adenylic acid and phospho- 
glyceric acid can be very clearly seen. About half the phosphoglyceric acid-P 
has disappeared before the first sample could be removtKl, and an amount of 
adenylpyrophosphate-P roughly equivalent has appe^ared. During the next 
5 min. there is a furtlier increase in adenylpyrophosphate-P and a decrease in 
phosphoglyceric acid-P. By the end of this time the phosplioglycerio acid is 
practically exhausted, and then disap{)earance of pyrophosphate with corre- 
sponding increase in inorganic phosphate begins. It is interesting to notice the 
differences in events in A. Here in the course of the whole hour less than half 
of the phosphoglyceric acid disappears. There is a slow steady increase in 
inorganic P, probably due to the slow breakdown of adenylpyrophosphate, the 
enzyme concerned not having been completely destroyed ; but the adenylpyro- 
phosphate concentration docs not change, presumably being kept up by inter- 
action of the adenylic acid formed with the phosphoglyceric (or phosphopyruvic) 
acid. 

This experiment gives convincing proof of the reaction between adenyUc 
acid and phosphoglyceric (or phosphopyruvic) acid, and shows the superiority 
of adenylic acid over adenylpyrophosphate in assisting the breakdown of phos- 
phoglyceric acid. It is now necessary to consider the evidence for the reverse 
Lohmann reaction. 

Bioohem. 1936 xxtx 
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Meyerhof and Lohmann [1932] showed some years ago that in rabbit extracts 
at 9*0, which had been inactivated by standing 2 hours at room temperature, 
a synthesis of phosphocreatine took place when adonylpyro phosphate was added, 
and the increase in phosphocreatine was equivalent to the pyrophosphate 
disappearance. It is now necessary, however, to show that this reverse reaction 
can go on under the conditions used in the experiments just described, i.c. with 
dialysed extracts and at 7*2. 

Exp, 8. Erog muscle extract was used; it was kept 1 hour at room temperature and was 
dialysed 4 hours at 0*’, 7 ml. were made up to 14 ml.; the solution was made (1*02 M with regard 
to bicarbonate and 0*004 ilf with regard to phosphate. 25 mg. of creatine wore added and adenyl- 
pyrophosphate (4*4 mg. pyrophospliate-P). It was kept at room teniiHu-aiure for 1 hour and 
samples were removed at 0, 2, 15, 30 and 60 min. (See Table VI.) 


Table VI. 


Time 

rhospho- 

Inor- 

i pyrophos- 
phate- P 
-f inor- 

Pyrophos- 

l>ecrease in 
pyrophos- 
phatc-1* 

Jiicrcaae in 
phoHpho- 

Increase m 
phospho- 
creatine-P 
-i inor- 

min. 

creatine-P 

ganic P 

gamc P 

phate- P 

creatine- P 

ganic P 

0 

— 

3-36 

7*05 

3*69 

— 

— 

— 

2 

0*294 

3*70 

7*05 

3*35 

0*34 

0*294 

0*634 

15 

0*672 

4*60 

7*12 

2*52 

M7 

()*(>72 

1*912 

30 

0*658 

5*60 

6*89 

1*29 

2*40 

0*658 

2*898 

60 

Trace 

6*72 

7*00 

0*28 

3*41 

0 

3*3(i0 


With this dialysed extract the observable synthetic activity is very small; 
the breakdown of adenylpyrophosphate to adenylic acid and free phosphate 
goes on very rapidly and the ade^nylic acid thus formed must n^act witli the 
phosphocreatine synthesised. The phosphocreatine concentration reaches a 
maximum m about 30 min., after which the concentration of adtmylie acid has 
become high enough to cause its complete disappearance. 

The experiment was repeated with frog muscle extract which had been 
dialysed 16 hours (after standing 1 hour), as this treatm(‘nt was shown by 
Lohmann [1934] to damage or destroy the enzyme responsible for adenylpyi’o- 
phosphate breakdown, while not greatly affecting the enzyme responsible for 
reaction between adenylic acid and phosphocreatine. 

Exp. 9. 7'he solutions were made up exactly as in the last experiment, but no phosphate 
was added, m order that changes in pyrophosphate -P and phosphocreatine- P might show up 
better. No calcium precipitation was performed, but the phosphocreatine was estimated by the 
extrapolation method of Egglcton and Eggleton [1927J, and the pyrophosphate vaa determined 
by finding the imToase after 7 minutes’ hydrolysis in the trichloroacetic acid extract, instead 
of in the solution of the calcium precipitate as usual. Special precautums were t aken to keep the 
samples vwy cold, - 12°, until the estimations could be carried through; tbc protein precipitation 
was carried out by adding the trichloroacetic acid to the frozen samples just before each e.xtra- 
polatioii Mas done and thawing rapidly. Samples were taken at 0, 15, 30, 60, 90 and 120 min. 
(See Table Vll and Fig. 2.) 

In these experiments the increase in inorganic phosphates is much slower, 
although not entirely inhibited. During the first 30 min., however, 75% of 
the pyrophospiiate-P disappearing is transferred to creatine. The phospho- 
creatine concentration reaches a maximum after about an hour; it then falls 
ofi, as the concentration of adenylic acid increases. If the breakdown of adenyl- 
pyrophosphate to adenylic acid and free phosphate had been entirely inhibited, 
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no doubt an equilibrium would have been reached at some 
of the reactants, as in Lohmann’s experiment starting 
and adenylic acid. 

Table VII. 


definite concentration 
with phosj)hocreatine 


Time 

min. 

0 

15 

30 

00 

90 

120 


Phoepho- 
croatine-1* 
•f inor- 
ganic P 

J-33 

2*58 

3*30 

413 

4- 05 

5- 23 


1 nor- 
ganic P 

1-33 

1*50 

1-90 

2*41 

310 

3*70 


Phospho- 

creatine-P 

0 

1-08 

1-40 

1-72 

1-55 

1-53 


Inorg. P 
after 
7 min. 
hydrol^'tiis 

5*95 

5-95 

605 

0*05 

617 

617 


Pyrophos- 
phate -P 

4-62 

3*37 

2-75 

1-92 

1-52 

0-94 


Decrease in 
pyrophos- 
phate- P 

1-25 

1- 87 

2- 70 
310 

3- 68 


Increase in 
phospho- 
CTcatine-P 
+ inor- 
ganic P 

1*25 

1- 97 

2- 80 
3*32 
3-90 



Fig. 2. 


Minutes 

Phosphocreatinc P + inorganic P: O — O Phosphocreatino-P; 
X — X Adeny I pyrophosphate- P. 


Discussion. 

From the work of Meyerhof's school it st^onis likely that the co-enzyme is 
only necessary during glycogen broakdovm to lactic acid at the stages where 
a change in phosphorylation takes place. It has been shown to be unnecessary 
in ; (a) The change from hexosediphosphate to triosephosphate [Meyerhof and 
Lohmann, 1934J. (b) The change from phosphogly ceric acid to jdiosphopyruvic 
acid [Lohmann and Meyerhof, 1934]. (c) The interaction of pyruvic acid with 
glycerophosphate to give one equivalent of lactic acid with no setting free of 
phosphate [Meyerhof and Kiessling, 1933, 2]. There seem to be no data as to 
the necessity of co-enzyme for the dismutation of triose^phosphate into phospho- 
glyceric acid and glycerophosphate. The remaining stages, at which co-enzyme 
is necessary are: (a) The phosphorylation of carbohydrate, (b) The dophos- 
phorylation of phosphopyruvic acid. Evidence is provided in this paper for the 
00 -enzyme function of adenylic acid as a phosphate acceptor in the formation 
of pyruvic acid from phosphopyruvic acid. 

That not adenylic acid, but'adenylpyrophosphate, is necessary as a phos- 
phate donator at the first stage is indicated by many earlier experiments in 
which, for the production of lactic acid from glycogen, aden3'^lpyrophosphate is 
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much more efficient than adenylic acid [cf. Lohmann, 1931, 2]. We may quote 
here one experiment of our own in which frog muscle extract, inactivated by 
standing 1 hour and dialysed 3 hours, showed no power of esterification of 
glycogen or lactic acid production when adenylic acid was added but regained 
both activities to some extent when adenylpyrophosphatc was added. 

The synthesis of 1 g. molecule of adenylpjTophosphate from 1 of adenylic 
acid and 2 of free phosphate requires energy to the value of 25,000 cals. 
Hydrolysis of 2 g. molecules of phosphopynivic acid provides only 16, OCX) cals. 
[Meyerhof and Lehmami, 1935]. It seems then, that synthesis of adenylpyro- 
phosphate at the expense of phosphop 3 mivic acid breakdown must be an endo- 
thermic reaction. Nevertheless, as shown in Exp. 7, the reaction appears to go 
to completion, for the phosphogly ceric acid disappeared completely while 
adenylpyrophosphatc was still present. 

The reversibility of the Lohmann reaction seems to be established, not only 
from our own experiments described here, but also from experiments of Meyerhof 
and Lehmann not yet published in full. In this connection the work of Lohmann 
[1935] on the pn'sence of both adenylpyrophosphate and adenosinediphosphate 
in heart and smooth muscle is of great interest. To suppose a direct reaction 
according to the equation : 

1 adenylpyrophosphate 4- 2 creatine::;;!:^ 2 phosj)liocreatine -f 1 adenylic acid 

would involve the very unlikely assumption of a trimoleeular reaction in each 
direction. It seems more reasonable to suggest that the reatJtion goes in two 
stages, first with production of adenosinediphosphate, which then reacts with 
a second molecule of creatine or phosphocreatine. The reaction between adeno- 
sinediphosphate and phosphoarginine has been demonstrated by Lohmann in 
crab muscle. In heart and smooth muscle the change from the triphosphate to 
the diphosphate is very rapid, making the triphosphate difficult to isolate. It 
may be that in skeletal muscle it is the diphosphate which is unstable and so 
has escaped detection. 

Finally, we should like to discuss an important deduction which has been 
drawn by Parnas and his co-workers [1935, 2; Mann, 1935] from certain of their 
experiments. They found : (a) That, whilst in a brei madt? with water ammonia 
formation takes place very rapidly, in a ‘*brei” made with M/IO phosphate 
solution this ammonia formation may be inhibited for 30-60 min, (b) This 
phosphate inhibition of ammonia production disappears if fluoride or iodoacetic 
acid is added to the ‘^brei”. (c) In a phosphate ‘"brei” with fluoride, the 
ammonia inhibition takes place if phosphoglyceric or pyruvic acid is added, 
whilst in a phosphate "‘brei” with iodoacetic acid, the ammonia inhibition only 
takes place if phosphoglyceric acid is added, j)yruvic acid having no effect. The 
conclusion was drawn that a substance intermediate between pyruvic acid and 
phosphoglyceric acid, i.e, phosphopyruvic acid, performs the phosphorylation 
of adenylic acid or creatine, and further, that this phosphopyruvic acid can be 
synthesised by the “brei” from pyruvic acid (whether added to or formed in 
the muscle) and free phosphate, if the phosphate concentration is high enough. 
This last reaction, if correct, is very interesting; it is endothermic, and the 
question of the energy provision arises; also it is unusual amongst all the reac- 
tions we have bc^en considering, in involving the esterification of free phosphate. 
It seems to us, however, that the evidence so for brought forward is hardly 
conclusive. In the case of the phosphate alone, the evidence is not very con- 
vincing that the effect is not due simply to a more favourable milieu for pro- 
longed carbohydrate breakdown. It seemed possible, also, that a high inorganic 
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phosphate concentration might slow the formation of adenylic acid and free 
phosphate from adenylpyrophosphate. This turned out not to be the case, 
however. When adenylpyrophosphate was added to a muscle extract (after 
standing 1 hour at room temperature and 2 hours’ dialysis at O'") the formation 
of free phosphate from it went on even more rapidly in presence of 0*05 If 
phosphate than in absence of any added phosphate. 

In the case of the pjTuvic acid effect in fluoride '‘brei” it seems at present 
difficult to exclude the possibility that this is due to its interaction with glycero- 
jjhosphate already in the muscle leading to the formation of an equivalent 
amount of triosephosphate and ultimately to phosphogly ceric acid. If added 
phosphoglyceric acid can have the inhibitory effect on NHo formation, as in 
Parnas's experiments, then it seems that pyruvic acid must have this effect also, 
since fluoride does not prevent formatk)n of glycerophosphate or reaction between 
pyruvic acid and glyc^erophosxjhate. That phosphoglyceric acid can inhibit means 
that the fluoride poisoning (which prevents the change of phosphoglyceric acid 
into phosphopyru vie acid [Embden and Deuticke, 1934 ; Lohmann and Meyerhof, 
1934]) is incomplete, or cdse that phosphoglyceric acid itself can phosphorylate 
adenylic acid. The fact that pyruvic acid has no effect in iodoacetate ‘"brei” is 
easily understood on these lines, as iodoacetate, besides preventing formation of 
]>hosphogly ceric acid, also prevents the reaction together of pyruvic acid and 
glycerophosphate [Embden and Deuticke, 1934; Me3^erhof and Kiessling, 
1933, 2]. There seems no reason why it should inhibit s^mthesis of phospho- 
])yruvic acid if this were going on, as it does not inhibit dephosphor^dation of 
phosphopyruvic acid. 

Light has thus Ix^m shed by much recent work on the role of the adenylic 
component of the co-onzvme system; the part played by magnesium, however, 
remains completely obscure. Another obscure question is the mode of entrj^ of 
inorganic P into the cycle of redactions. This ma,y not occur to any great extent 
in vivo, but in vitro it certainly" does ; for instance in normal glycotysis in muscle 
extract with the eom})lete co-enz^^me system present a mixture of hexosediphos- 
phate and hexosemonophosphate temporarily accumulates. Without co-enzyme 
a small amount of esterification goes on [Lohmann, 1931, 3], leading to formation 
of some difficultly hydrolysable hexose esters, and in presence of fluoride or 
iodoacetic acid too, carboh\’^drato is (*sterified. As we have seen, the esterifica- 
tion of pyruvate remains problematical, and the interaction vith free phosphate 
seems chieflj’' to concern the hexose stage. 

Note, Just as this paper was read}" for the press, the detailed account of the 
experiments of Ostern et al, [1035, 2] appeared, together with a theoretical dis- 
cussion by Parnas and Ostern [1935J. 


SUMMAKY. 

1. Using dialysed muscle extracts, it has been shown that, in presence of 
adenylic acid and magnesium, added creatine can be converted into phospho- 
oreatine during the breakdown of phosphoglyceric acid. 

2. The two reactions involved in this synthesis have been demonstrated: 
(a) The reaction between phosphoglyceric acid (or phosphopyruvic acid) and 
adenylic acid to form adenylpyrophosphate and pyruvic acid, (h) The reaction 
between adenylpyrophosphate and creatine to form phosphocreatine and 
adenylic acid. 
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3. Evidence is brought forward for the view that the co-enzyme function 
of the adenylic acid and adenylpyrophosphate in muscle glycolysis consists in 
their ability to act respectively as phosphate acceptor and phosphate donator. 
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CCXLI. THE EFFECT OF FEEDING CACAO SHELL 
TO COWS ON THE VITAMIN D CONTENT 
OF BUTTER (MILK). 
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{Received July 24ih, 1935.) 

It haH recently been n^portcul by Knapp and Coward [1934] that cacao shell, an 
important by-product of chocolate manufacture, is rich in vitamin T). The 
sample examined by them contained 28 International Units (i.u.) per g. and 
was tlien'fore about oiu'-cpiarter as potent as an average cod-liver oil. For a 
vegetable product the potcuicy is quite exceptional. 

As cacao shell is mainly used in cattle food, feeding tests with milch cows 
have })('en carried out at this Institute in collaboration with Mr A. W. Knapp 
and Mr A. (Iiurchman of Messrs Cadbury Bros., Ltd., of Bournville and it is 
proposed to pnssent Ikt'c the r(*sults of vitamin D assays carried out on butters 
from cows wliich r(M*eived eac^ao shell in their rations and on butters from control 
animals. 

FIxperimental. 

Estimation of thi vitamin D potency of the cucao shell used in feeding 

experiments. 

As a preliminary to the (experiment proper the vitamin D (content of the 
sample of cacao shell used in the cow feeding experiments was estimated in 
curative and protective experiments on rats. The cacao shell was part of a half- 
ton sample of the commercial product sent to us by Messrs Cadbury Bros., Ltd. 
Tliis was a carefully taken sample representative of a bulk of 3407 cwt. of shell. 
For the rat tests tlie shell was ground to a fine powder. 

(a) Curative test. Young rats were weaned when weighing about 60 g. and 
wen^ j)Iac.ed on the 2905 diet of Steenbock for from 3 to 3 J weeks until definitely 
rachiti(\ They were then given in one single dose at the beginning of the 10-day 
test either cacao shell or the international standard for vitamin D (v.D, 9). Of 
the latter, two lev^els, 2 and 5 units, were given. The corresponding levels of cacao 
shell were calculated on the basis of the value given by Knapp and Coward [1934], 
namely 28 i.u. per g. For feeding the finely ground cacao shell was mixed with a 
little castor sugar and water ancl offered in palette dishes in quantities of 71 mg. 
and 179 mg. (respectively equivalent on the above basis to 2 and 5 t.iT. of 
vitamin I)). The consumption was complete in all cases. After 10 days the 
rats were killed by coal gas and the wrist bones were placed in 4 % formaldehyde 
for several days. They were then split longitudinally, placed in palette dishes 
containing a L5% solution of silver nitrate and exposeci to light. The degree of 
healing was then estimated by comparing the deposition of calcium salts in the 
bones with the graded scale in use in this Institute for assessment of extent of 
healing. The results are given in Table I. 

In the course of the last few years numerous estimations of the healing 
effect of graded doses of the international standard for vitamin D have been 

( 2061 ) 
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Table I. The vitamin D content of cacao shell. 


Curative experiments. 

Score Score 





Indi- 





Indi- 


Doso 

Rat 

Litter 

vidual 

Av. 

Dose 

Hat 

Litter 

vidual 

Av. 

2 unitij inter- 

4336 

1 

20 


5 units inter- 

4340 

1 

20 


national 

4350 

2 

15 


national 

4346 

2 

0-5 


standard 

4354 

3 

0-5 


standard 

4358 

3 

1-6 



4372 

4 

0-5 

M 


4368 

4 

5*5 








4377 

5 

10 

2*1 

71 mg. cacao 

4337 

1 

2*25 


179 mg. cacao 

4341 

1 

2*25 


shell 

4351 

2 

100 


shell 

4347 

2 

2-0 



4355 

3 

0-.50 



4359 

3 

3*5 



4373 

4 

2-(K) 

1-4 


4369 

4 

3-5 

2-8 


carried out in this laboratory. From the results the following equation relating 
the degree of liealing (score) expressed in arbitrary units to the dose has been 
constructed [Kon]: 

Score (arbitrary units) =4-22 log dose (i.u.). 

By calculating from this equation it is found that the ratio of scores 

obtained for the lower level of cacao shell and 2 units of international standard 

0*18 

for vitamin D respectively corresponds to a ratio of dosages Therefore 

71 mg. of cacao shell contain x 2 = 2*4 i.u. and 1 g. of cacao shell = 34 

I.u. of vitamin D. 

A similar calculation for the higher levels of shell and international standard 

'^•8 0*42 

shows that the ratio of scores corresponds to a ratio of dosages and that 

179 mg. of cacao shell contain 7*5 i.u. Hence 1 g. of cacao shell contains 

— ffii — vitamin D. 

Taking an average of the two values the curative test gives a cont(*nt of 
38 I.u. of vitamin D per g. of cacao shell. 

(6) Protective test. In this test the vitamin D contents of cacao shell and of 
cacao shell fat were measured in terms of the international standard for vitamin 
D. Young rats were weaned when weighing about 00 g. and were placed on the 
2965 diet of 8teenbock. The various addenda were given from the start daily for 
5 weeks with the exception of Sundays. Finely groimd cacao shell was diluted 
10 times with icing sugar and given at 2 levels of intake, namely 0*7 mg. and 
13-4 mg. daily (equivalent to 0-187 and 0-375 i.u. respectively on the assumption 
that 1 g. of cacao shell contains 28 units). 

A sample of cacao shell fat extracted in the laboratory of Messrs Cadbury was 
also tested. Two levels, 0-62 mg. and 1-24 mg. were fed dissolved in olive oil. The 
cacao shell contained, according to an analysis carried out by Messrs Cadbury, 
4‘6 % fat. On this basis and assuming that the whole of the antirachitic potency 
of cacao shell is present in the fat the above levels were equivalent to 0-376 and 
0-75 I.u. of vitamin D. The inteniational standard for vitamin D (v.n. 9) was 
fed at a single level of 0-41 unit. In addition one group of rats was given no 
supplement to the rachitogenic diet and served as negative control. 

At the end of 5 weeks the rats were killed by coal gas, their femora and humeri 
after cleaning were defatted by extraction with several changes of alcohol for 
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72 hours in a Soxhlet extractor, dried and ashed at 700® in an electric furnace. 
For each rat a duplicate determination on one femur and humerus was carried 
out (Table II), 

Table II. The vitamin D conteM of mmo shell and of caxcoo shell fat. 


Protective experiments. 





Ash 

0 / 

-0 




Ash 

^ A, 

% 




, 

r 

\ 






Done 



Indi- 





Indi- 


Rat 

Litter vidual 

Av. 

Dost* 

Rat 

Litter 

vidual 

Av. 

Cacao shell 

4419 

8 

43-3 


Cacao shell 

4443 

7 

51*5 


6'7 mg. 

4450 

4 

43-3 


13-4 mg. 

44;io 

5 

46*7 



44.59 

3 

41-9 



44.5.5 

3 

46*0 



4470 

1 

420 

42-6 


446.5 

2 

49*0 

48*3 

Cacao shell fat 

4416 

8 

42-9 


Cacao shell fat 

4444 

7 

45*0 


0 02 mg. 

4449 

4 

UH 


1 -24 mg. 

4432 

6 

49*8 



4460 

3 

39-3 


4456 

3 

48*2 



4474 

1 

45- 1 

40-5 


4466 

2 

50*3 

48*3 

Standard ()-41 

4420 

8 

41-9 


Negative con- 

4440 

9 

29*1 


i.r. 

4451 

6 

46 5 


trols 

4435 

6 

26*7 



4462 

2 

50', ■> 



4469 

2 

26 7 



4473 

1 

51-7 

47-6 


4477 

1 

26*2 

27*2 


The gains in percentage of ash over the negative controls were as follows: 

('laeao shell 6-7 mg. level -f 1 5*4 

Cacao shell 13*4 „ +2M 

Cacao shell fat 0‘()2 „ -f 13*3 

(■acao shell fat 1*24 „ +21* I 

International standard 0*41 unit level 4-20*4 

In the same way as for curative tests the following equation relating the 
degree of protection to the dose has been worked out for protective experiments : 

Gain in ash % = 20*33 4- 16*6 log dose (i.u.) [Kon]. 

Calculations similar to those described above in the case of curative tests show 
that the ratio of gains in ash percentage ^ given by the 6*7 mg. level of cacao 
shell and the standard is equivalent to a dose ratio of and that 0*7 mg. of 
cacao shell contain 0*205 i.r. and 1 g. of cacao shell =31 i.u. of vitamin D. 

For the liigher level of cacao shell the ratio of doses works out at and 

13*4 mg. of cacao shell contain 0*45 i.u. From this 1 g. of cacao shell contains 
34 I.u. 

Taking an average of the two figures, a value of 32*5 i.u. of vitamin D per g. 
of cacao shell is obtained from protective tests and as the average of the curative 
tests worked out at 38 units, a value of 35 i.u. of vitamin D per g. of cacao shell 
may be accepted as the result of all the tests carried out in this Institute. We 
have been informed by Messrs Cadbury that a sample of the same consignment 
of cacao shell as sent to this Institute was submitted to Dr K. H. Coward at the 
laboratories of the Pharmaceutical Society of Great Britain and that she reported 
for it a value of 28 i.u. of vitamin D per g,, identical with that previously published 
by Knapp and Coward [1934]. Our value is slightly higher than that obtained 
by Dr Coward but, in view of the small number of animals used by us, the 
agreement is very satisfactory. 
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The calculations for the cacao shell fat give the following results : 

Loiver level of cacao shell fat. Ratio of doses Hence 0*62 mg. of fat 

contains 0-153 x.u. and 1 g. contains 247 i.u. of vitamin D. 

Higher level of cacao shell fat. Ratio of doses Therefore 1-24 mg. of fat 

contain 0*45 T.u. and 1 g. contains 367 i.it. of vitamin D. 

The agreement is not very good but differences of this magnitude are to be 
expected when relatively small numbers of animals are used. By averaging the 
above two values a figure of 307 i.ir. per g. of cacao shell fat is obtained. This is 
about three times the vitamin D (content of an average cod-liver oil. From this 
value and from the fat content of cacao shell it may be calculated that the 
extractable fat carries about 40% of the total activity of cacao shell. 

The feeding of cacao shell to emvs and the esthnaiion of its effect on the 
vitamin D content of butter (milk). 

The feeding of the cacao shell was carried out during the winter stall feeding 
j>eriod of 1935. Four Shorthorn cows were used for this (*xperirnent. They were 
kept ill the same cow-byre and were not allowed out to grass. From January 8th, 
1935, all four cows received the following mixture of (:;on(‘entrates; 

3 parts dried grains, 

2 parts maize germ cake, 

1 part soya bean meal. 

In addition each cow was given daily: 

2 lb. of hominy chop, 

7 lb. of hay, 

45 lb. of mangels. 

The cows were kept on this ration till February 8th, 1935. The milks yielded 
by each cow between the evening milking on February 5th and the morning 
milking on February 8th (both dates inclusive) were separated and butters wt*re 
churned from the unpasteurised and unriptmed creams. The butters were 
melted at 50"^, filtered and the butter fats stored at — 2 ^ until required for tests. 
On February 8th two cows were given | lb. of (lacao shell, this was increased to 
1 lb. on February 9th, 1| lb. on February 12th and on February 13th to 2 lb., fed 
invariably in the coarse flaky form in which it occurs in commerce. The feeding 
of cacao shell was continued at this level until March 17th. The cacao shell was 
taken into consideration when calculating the amount of concentrates fed daily 
to each cow according to her milk yield as is usual in our dairy herd. The remain- 
ing two cows were kept on the original ration throughout the experiment. Butters 
were cdiumed again as described above from milks collected between the evening 
milking on March 10th and the morning milking on March 13th (both dates in- 
clusive), that is after the experimental cows had received 21b. of cacao shell daily 
for 4 weeks. In this way eight samples of butter fat were obtained. Aliquots of 
each two samples representing one treatmentwere then pooled, the blending being 
done on the basis of the fat yields of the cows. The four samples so obtained, 
representing the four treatments (control cows — pre-experimental and experi- 
mental j)eriod8, ‘'cacao shell cows” — ^pre-experimental and experimental 
periods), were then tested in protective experiments on rats at one level of intake, 
0*3 g. of butter fat per rat per day (with the exception of Sundays), and compared 
with three levels of the international standard for vitamin D with the following 
results. 
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Table III. The vitawAn D content of butter from cows receiving camo shell 
in their diet and of bvMer from control cows. 






Indi- 


I)ose 

Hat 

Litter 

vidua] 

Av. 

0*3 g. cacao 

4637 

1 

40-8 


shell butter fat 

4645 

2 

39*1 


experimental 

4647 

3 

46*0 


ptiriod 

4658 

4 

40*6 



4667 

5 

41*4 



4670 

6 

38-9 



4687 

7 

37-3 



4690 

9 

41*3 

40*7 

0'3 g. cacao 

4634 

F 

3M 


shell butter 

4646 

3 

280 


fat pre-experi- 

466<t 

5 

:h>8 


mental period 

4695 

7F 

30*9 

30*2 

0 05 unit, inter- 

4630 

1 

31-2 


national 

4t)4.3 

2 

28*5 


standard for 

4652 

3 

30*6 


vitamin D 

4656 

4 

29*9 



4670 

5 

27*8 



4683 

6 

29 7 



4680 

7 

:12*8 



4701 

0 

29 H 

30-0 

0*2 unit inter- 

4641 

1 

30*4 


national 

4650 

3 

47-6 


standard for 

4654 

4 

41 '5 


vitamin 1) 

4673 

5 

40*7 



4685 

(( 

47-5 



4691 

7 

‘U*7 



4698 

8 

38*4 



4703 

0 

40-8 

42*6 





Indi- 


Dose 

Hat 

Litter 

vidual 

Av. 

0*3 g. control 

4638 

1 

31*4 


butter fat 

4644 

2 

30-4 


experimental 

4651 

3 

29*2 


penofl 

4657 

4 

31*8 


4668 

5 

31 3 



4680 

6 

32*9 



4688 

7 

34*2 



4700 

9 

31*3 

31*6 

0*3 g. control 

4635 

F 

30*3 


butter fat 

4672 

5 

33*1 


pre-experi- 

4681 

6 

32*7 


mcntal period 

4694 

7 

29-9 

CO 

0*1 unit inter- 

4640 

1 

363 


national 

4642 

2 

34*3 


standard for 

4648 

3 

35* 1 


vitamin D 

4655 

4 

30*8 



4671 

5 

36*2 



4684 

6 

38*6 



4690 

7 

39*5 



4702 

9 

41*7 

37*7 

Negatm* con- 

4636 

FI 

29*4 


trols 

4640 

3 

28*5 



4653 

4 

28*1 



4666 

5 

32*5 



4602 

7 

29*1 



4606 

8 

290 



4704 

9 

28*4 



4754 

10 

26*3 



4755 

10 

28*9 



4604 

12 

31*3 

20*2 


The gains in percentage of ash over negative controls were as follows: 


“Cacao shell” butter 

Pre-ex]HTimental 

-h 1*0 


Experimental 

+ H*5 

Control butter 

Pre-experi m en tal 

-f 2 3 


Experimental 

-r 2 4 

International standard for vitamin D (v.n. 10) 

0'05 unit 

+ 0*8 


0*10 unit 

+ 8*5 


0'20 unit 

-i 13*4 


For the calculation of the ratio of dosages the response given by 0-05 unit of 
standard was used for the low potency butters* whilst that given by 0-2 unit of 
standard was used for the experimental “cacao shell’ ' butter. The calculations 
were carried out in the same way as described in the earlier part of this paper 
and the following values were obtained: 

“Cacao shell'’ butter fat l^e-experimental 1 g. contains 017 i.u, of vitamin D 
Experimental 1 g. contains 0*51 i.e. of vitamin D 

Control butter fat Pre-exporimental 1 g. contains 0'2() i.u. of vitamin D 

Expc'rimental 1 g. contains 0*21 i.ir. of vitamin 1) 

If the “cacao shell” butter is compared with the control butter then the 

0*51 

feeding of cacao shell has resulted in an increase in potency of approx. 
2'6 times. 
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When comparing the butters yielded by the same cows before and after the 
feeding of cacao shell the increase is = ^ times. In our experience and under 

our conditions winter Shorthorn butter fat contains about 0-20-0-25 i.u, of 
vitamin D per g., summer butter fat 0-50-0-60 [Kon]. It may be said therefore 
that the feeding of 2 lb. daily for a month of cacao shell, equivalent to about 
32,000 I.u. of vitamin D daily, to cows on a winter ration has resulted in raising 
the vitamin D content of their butter fat (and therefore of their milk) from the 
winter to the summer level. 


Summary. 

1. Cacao shell, a by-product of chocolate manufacture, was found in curative 
and protective experiments on rats to contain 35 i.r. of vitamin D per g., in 
good agreement with the findings of Knapp and Coward [1934] who reported for 
the product a content of 28 units per g. 

2. Cacao shell fat contains about 300 i.r . of vitamin I) per g. The extra(^table 
fat carries about 40% of the total activity of the cacao shell. 

3. The feeding to two Shorthorn cows under winter stall feeding conditions 
of 2 lb. of cacao shell daily for a month (equivalent to 32,000 i.u. of vitamin I) 
daily) has resulted in increasing the vitamin D content of their butter fat (and 
milk) from the winter to the summer lev’(4. 

The above report deals only with one aspect of tlu^ investigation of cacao 
shell as a food for cows. The effect of the cacao shell feeding on the hialth of the 
cows, the milk yield, fat perctuitage, solids-not-fat etc. has betu) investigated by 
Capt. J. Golding and other members of the staff of N.T.R.D. The results will he 
published in detail elsewhere. But it may be stated here that no untoward 
effects whatever have been noted in the present experiment. 

Our thanks are due to Messrs Cadbury Bros., Ltd., Bourn ville whose collabo- 
ration and sup})ort has made this investigation ]X)ssible. We are indebted to Miss 
D. \^ Dearden for the churning of the butters and to Miss M. Chapman for helj) 
with the rats. 


refj:rence8. 

Knapp and Coward (]W)4). A naiydU 69, 47^. 
Kon. Unpublished work. 



CCXLII. THE NATURE OF THE “SPOROGENES 
VITAMIN”, AN ESSENTIAL GROWTH 
FACTOR FOR CL. SPOROGENES 
AND RELATED ORGANISMS. 

By ALWIN MAX PAPPENHEIMER, jun.i 

From the National Institute for Medical Research y London y xVJF. 3, 

{Received July 24th, 1936,) 

In a series of papers oii the nutritional requirements of bacteria [Knight and 
Fildes, 1033 ; Fildes, 1935 ; Fildes and Richardson, 1935] it has been shown that 
Cl, 8j)orogenes and certain other obligate anaerobes may be grown on media 
(containing salts and known amino-aeids only when a trace of an unknown ether- 
soluble acid, which has been called the “sporogenes vitamin”, is present. 

The present paper gives a further study of the chemical properties of this 
essential growth factor, carried out in collaboration with Dr Fildes and Mr Knight 
at the Middlesex Hospital. Although we are unable to report the successful 
isolation of the “vitamin” in crystalline form, we have su(^ceedt‘d in effecting 
substantial purification and have obtained pnqiarations of constant composition 
and propcTties and of uniformly high activity in promoting growth on otherwise 
deficient media. 

Experimental. 

Biological testing. 

The tests on tin* activity of v^arious preparations containing the sporogenes 
growth factor won' carri(»d out in the Department of Bacterial Chemistry, 
Middlesex Hospital. Fivefold dilutions of the solution to be tested were added 
to a series of tubes containing the deficient medium, which were then inoculated 
with a standard suspension of CL sporogenes spores. The deficient medium used 
for most of the testing was an acid hvdrolysatc of gelatin with the addition of 
0.02% tryptophan, 0-2 % thiolacetic acid phis the requisite salts [Knight and 
Fildes, 1933J. Later tests were made using a medium containing only amino- 
acids, most of wliich were synthetic, phis thiolacctic acid and the necessary salts 
[Fildes and Richardson, 1935J. Results with the latter medium were more clear 
cut and must be reganled as more significant. The reason for this appears to be 
that the gelatin contains traces of substance having the biological activity in 
question, but in inactive form, not activated by acid hydrolysis but possibly 
activated by bacterial growth. These traces sometimes permit very slight growth 
which does not increase. This does not occur with the amino-acid medium. 

Materials. 

Initial attempts to isolate the essential growth factor were carried out with 
a commercially prepared fraction from pregnant women's urine. An oil was 
obtained which was active in concentrations of 0 01 y per ml. in promoting 
growth on the gelatin hydrolysate medium. As will become apparent from 
evidence given later, this corresponds to an activity of about 0-ly per ml. on the 
amino-acid medium. Unfortunately this product quickly lost its activity on 
1 National Eeaearch Council Fellow in Medicine, 1933- 34. 
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standing, before much could be learned of its properties. Subsequent prepara- 
tions have all been kept as the methyl ester, which shows no diminution in 
activity after long standing in the cold. 

Since no further supply of this urine concentrate was available, we next 
attempted to isolate the factor from yeast. A laborious fractionation of 120 kg. 
of brewer’s yeast yielded about 0*5 g. of impure methyl ester of the active sub- 
stance, which could not be distilled without destruction. The great instability 
of the yeast preparations suggests that the growth-promoting activity may be 
due to a different substance from that in urine. 

It therefore became necessary to search for a n(*w source of material. Tests 
on fresh human urine showed that the commercial concentrate which wo had 
previously used only contained about 1 % of the active factor present in the 
original fresh urine. Further, the urine of two herbivorous animals (horse and 
cow) was found to l)e about ten times more active in promoting the growth of 
Cl. sporogenes than the fresh urine of man. Through the courtesy of Dr A. Girard 
of Paris we were able to test some by-products from th(‘ commercial preparation 
of oestrogenic hormones from pregnant mare’s urine. These were found to bo 
highly active. To our surprise, we found that the a(*tive factor had been com- 
pletely extracted from a 50% pyridine-ether solution of the saponifiable plus 
non-saponifiable material of mare’s urine by concentrated hydrochloric acid. 
Accordingly, Dr Girard, to whom we wish to exjiress our sim'.ere thanks, kindly 
sent us 10 litres of this highly active solution, containing the growth factor 
from 1300 litres of mare's urine, and this was used in the work to be described. 


Method of sej^aration. 

Table I shows the steps followed in separating the sporogenes growt h factor 
from the mare's urine concentrate. Acjtivit}^ at each stage was folio wchI by 

Table 1, Prejmratlon of sporogenes growth factor from ware\H urine. 

( 1 ) 101. mare’s urine concentrate (oontainR H Cl, pyridine). Make alkaline to litmus with solid 

Na^jCOs (7 kg.). Steam distil. 




distillate 


Residue 15 1. (active) 


(2) Concentrate vnevo to 2*5 1., acidify to Congo 
red with H 2 SO 4 and continuously extract with 
ether (24 hours) 


acid aqueous residue 


Kther extract ItXK) ml. (active) 


(3) Concentrate ether extract to 200 ml. and preci- 
pitate with 400 ml. light petroleum 


supernatant 

Precipitate 25 g. (acti\o) 


(4) Esterify with 3% HCl-CHgOH. Extract ether 
solution of esters with NaHOO.. and NaOH 


— KaHCOg and NaOH fractions 


(5) High vacuum distdlation 


( 6 ) Iledistillation 


Ether residue (active on hydn dysis) 
(Methyl esters) 


Middle fraction 90-100' 

(active on hydrolysis) 

7 g. purified methyl ester: activity on 
hydrolysis 0*04 y/ml. 


Eraction distilling below 90® 
(inactive) 
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determining the minimum amount of material necessary to add to 1 ml. of 
deficient medium, in order to produce just visible growth in twenty-four hours. 

Step 1, After steam-distillation, a considerable amount of tar was removed 
by filtration. 

Step 2, During concentration of the filtrate the salt which separated was 
removed from time to time by filtration. After acidifying the concentrate and 
filtering off precipitated tar the filtrate was coloured light orange. Peroxide-free 
ether was used for the subsequent extraction and throughout this work. 

Step 3, The oil precipitated with light petroleum was dissolved in 150 ml. 
water and kept in the cold as a stock solution. 

Step 4, 30 ml, of this solution were extracted ten times with a total of 500 ml. 
of ether and the extract was dried over Na 2 S 04 . After removing the ether, the 
residue was reflux(?d for one hour with 50 ml. 3 % HCI-CH3OH. The alcohol 
was removed in vacuo, and the residue, dissolved in ether, shaken out twice with 
5% NaHCOg, twice with 0*5% NaOH, and finally with dilute (NH4)2804 
solution. 

Steps 5-6. The n^sidual esters, freed from phenolic substances, were then 
distilled in a high vacuum (ca. 0*001 mm. Hg). The first fraction (0*87 g.) 
coming over below 90" was inactive on hydrolysis and was discarded. The middle 
fraction (90-100 ’) contained practically the entire activity (after hydrolysis) and 
weiglud 2*2 g. 0*3 g. dark residue remained in the distilling flask. The middle 
fraction was then redistilled and the fraction coming over between 94° and 96° 
collected. I’he yield of pale yfdlow oil was 1*53 g., ()*001-0*005y of which was 
sufficient to activate 1 ml. of gelatin hydrolysate medium after alkaline hydro- 
lysis. The activity on the amino-acid nu'dium was somewhat less (0*04y/ml.) 
but thf^ titration wan far more reproducible. The total yield of redistilled esters 
from 10 litres of mare’s urine concentrate was about 7 g. 

Properties of distillate. 

The m(‘thyl ester failed to crystallist^ even when kept at the temperature of 
solid CO 2 for two days. The oil was very soluble in etln^r, alcohol and benzene, 
slightly soluble in water, but insoluble in light })etroleum. Millon, SbClg and 
Lieberinann-Burchard reactions w^ere negative. With p-dimethylaminobenz- 
aldehyde a violet-pink colour of moderate intensity was obtained on addition 
of excess concentrated HCl. A burnt orange colour was produced on a pine 
splint moistemed with HCl. The oil contains no nitrogen or sulphur. It has no 
appreciable optical rotation in 4% solution. 

Analysis of methyl ester. Three independent distillates gave the following 
analyses, (Found C, t52*()5, 62*43, 62*51 ; H, 7*00i, 6-87S 6*77 % . CalculattMl for 
C, 62*85; H, 6*67; Calculated for C, 62*26; H, 7*55%.) 

Mol. wt. by freezing point of benzene, mean value found, 209 ; calculated for 

GiiHi404, 210, 

Hydrolysis of ntsthyl ester. The methyl ester itself is only 1/25 as active as the 
free acid. This slight activity is probably due to partial hydrolysis in the culture 
medium during test. 

268 mg. of ester were refluxed for one hour with 5 ml. of N NaOH. The 
solution was saturated with COg, extracted twice with ether and finally acidified 
with dilute sulphuric acid and thoroughly extracted with peroxide-free ether. 
After drying the ether extract over Na 2 S 04 and removing the ether, 240 mg. of 

^ For the first and second analyses we are indebted to Mr A. \V. Spratt; the third was made 
by Both (Heidelberg). 
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yellow oil remained which rapidly darkened on standing in air or in a vacuum 
desiccator. 

The free acid was very soluble in alcohol and ether, moderately soluble in cold 
water and benzene, but insoluble in light petroleum and cyclohexane. The acid 
gave no colour with Millon’s reagent or with ferric chloride. Permanganate was 
readily reduced in both acid and alkaline solutions in the cold, and the silver 
mirror test with Tollen’s reagent was positive on heating. Neither the free acid 
nor its methyl ester gave any colour reactions for aldehj^des on oxidation with 
lead tctra-acetate [Criegec, 1931], nor could any ketone be detected. The acid 
retained its full activity after treatment with boiling N HCl or N NaOH for 
three hours, but was destroyed by treatment with norite charcoal at 100*^. 

Titration of free a^id. Duplicate determinations of the acid equivalent of the 
freshly prepared free acid gave values of 206 and 209. A monobasic acid, 
C10H12O4, requires an acid equivalent of 196. One of the above titrations was 
done electrometrically using the glass electrode^. The points agree well with the 
theoretical curve for a single substance with pj-< = 4-7 (Fig. 1). 



Fig. J. "I’itration rurve of a highly active “sporogenes vitamin” preparation. 

Glosses represent back-titration with (>*1A^ HCl. 

Attempts to obtain a crystalline, derivative of the active factor , All attempts to 
crystallise the acid and its methyl ester and to prepare crystalline derivatives 
have met with failure. The ester reacts with hydrazine and phenylhydrazine to 
lorm acid hydrazides and with ammonia to form the amide. From these deriva- 
tives the active free acid can be quantitatively regenerated by alkaline hydro- 
lysis. It can be esterified with 3 :5-dinitrobenzoyl chloride in pyridine and other 
reagents which generally yield crystalline derivatives with hydroxy-compounds. 
Although reaction takes place and products are obtained with entirely different 

^ We are indebted to Dr W. J. Elford for the use of the glass electrode. 
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solubilities, all have been oils. Benzoyl- and tolylsulphonyl-derivatives have 
been prepared from the free acid by the Schotten- Baumann reaction. However, 
benzoylation and acylation of the free acid in dry solvents such as pyridine yield 
only tars and the active principle is destroyed. We have also prepared strychnine, 
brucine and other alkaloidal salts from the acid, all of which resist attempts 
to crystallise them. Even the p-phenylphenacyl derivative fails to crystallise. 
Lead, zinc and barium salts an^ hygroscopic and form resins on drying. 

Bromine titration of methyl ester. 47*9 mg. of oil required 9*54 ml. of 0*1 
bromine [Reindel and Niederlandcr, 1929]. On addition of 1 % KIO3, a further 
quantity of bromine equivalent to 4*30 ml. of 0*1 iV Na 2 S 203 , was set free. This 
indicates that the equivalent of 5*24 ml. of 0-1 bromine had been added to a 
double bond. Calculated for one double bond and molecular weight 210, 4-56 ml. 
Foimd, 1'15 double bonds -f- 1*9 atoms bromine substituted. 

As a chock on the above method, 50*8 mg. of ester were titrated by the pyri- 
dine- sulphate-di bromide method [Rosenmund and Kiilmhenn, 1923]. 5*92 ml. 
0*1 N bromine were used up. 50*8 mg. require 4*84 ml. for one double bond 
assuming a molecular wcught of 210. Found 1*23 double bonds. 

Hydroxyl determinations on methyl ester. The method of West et al. [1934] 
was used. The ester was actq.ylated with acetic an hydride -pyridine (1:7) and 
tli(‘ acetic acid liberated after decomposition with water titrated with 0*1 iV 
NaOH and compared with a blank. 51*5 mg. required 1*61 ml. 0*1 A NaOH less 
than the blank. 03*7 mg. rt‘<juired 2*96 ml. 0*1 jV NaOH less than the blank. 
OH found 5*29, 5*45%. CVihmlated for one hydroxyl and molecular weight 210 , 
84)9%. 

As a ch('ck on this method, active hydrogcui determinations by the Zere- 
witinotf method were carried out (Roth, Heidelberg). 5*362 mg. gave 0*72 ml. 
CH 4 at 25"' in pyridine. 

7*005 mg. gave 0-98 ml. (^H 4 at 25''. OH found. 6*90, 6*58%. 

Catalytic reduction. No measurable quantity of hydiogen was absorbed by 
250 mg. of ester using a liighly active platinum catalyst. 

Oxidation of the methyl ester with alkaline permanganate. 91 mg. of the methyl 
ester in 6 ml. of N NaOH were oxidised wdtli 0*8 g. of KMn 04 at 100°. The 
slight excess of KMn 04 reduced with CH 3 OH and the preeij)itate filtered off 
and w^a.shed. The filtrate w'as acidified to Congo red with dilute H 2 SO 4 and 
extracted ten timt?s with other. On removing the ether 26 mg. of a crystalline 
residue were obtained which was purified by sul)limation at 100 ° under the 
water-pump. The anhydrous sublimate melted at 182° and was identified as 
oxalic acid. The calcium salt was analysed. Found Ca, 26*40, 26*38. Calculated 
for CaC 204 , H^O, Ca, 27-39 ^o* 

Discussion. 

We have not, as yet, succeeded in crystallising the purified preparations of 
the sporogenes growth factor or in obtaining a single crystalline derivative. 
Until we are able to accomplish this, it is not possible to be certain that the 
characteristic properties of our active oil are those of the sporogenes factor itself. 
However, we have obtained considerable evidence that the redistilled ester of the 
active substance is relatively homogeneous. The preparations, after hydrolysis, 
show a uniform activity (0*04y/ml.) in stimulating the growth of Cl. sporogenes 
on the amino-aoid-doficient medium. Different preparations show a constant 
elementary composition suggesting a formula of CiiHi 404 or CiiHi^ 04 . This 
elementary composition agrees well with the molecular weight determination by 
freezing point of benzene, with the acid equivalent by titration, with the 
Biochem. 1035 xxix 131 
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bromine titrations indicating the presence of one double bond and with the 
active hydrogen determinations indicating one hydroxyl group. One oxygen 
atom is left unaccounted for. Although definite evideuco for the presence of a 
furan ring is still wanting, this possibility is not excluded. 

From the evidence presented, it would seem certain that the sporogenes growth 
factor is an acid of molecular weight about 200 containing at least one hydroxyl 
group. From the bromine titrations at least one double bond is indicated, al- 
though the substance i.s not reduced by catalytic hydrogenation. Although th(^ 
elementary composition might suggest the presence of a benzene ring, the sole 
oxidation product with alkaline permanganate is oxalic? acid and no benzoic acid 
could be detected. Since neither the free acid nor its methyl ester gives aldehydes 
or ketones on oxidation with lead tetra-acetate, the presence of a glycol or 
a-hydroxy-acid may be excluded. The latter possibility is also rendered im- 
probable by the failure of the acid to give a (Colour reaction with ferric chloride 
and by the jpjg-/ value of 4-f, which would suggest that the carboxyl group is at 
the end of an aliphatic chain. 

Relation of the. sporogenes vitamin to other growth factor's. 

Recent work on the growth recpiirements of lower organisms has revealed the 
existence of a number of accessory factors necessary for their growth. The 
present study, however, indicates clearly that the sporogent;s growth factor is 
distinct from any of the other well-characterised factors w’hich have been 
hitherto described. 

In their original paper on the "sporogenes vitamin”, Knight and J'ildes 
[1933] called attention to the similarity of its properties with those of the plant 
growth hormones, the auxins [Kogl et al. 1933; 1934; Kbgl, 1935]. Since that 
time, however, pure auxin-a-lactone and “heteroauxiii” from Prof. Kogl’s 
laboratory have been tested and found to be inactive*^. We have prepared 
synthetic “heteroauxin”, i.e. j8- indoleacetic acid, by the method of Majirna and 
Hoshino [1925]. It had no activity when tested in place of the sporogenes growth 
factor. The present factor is also distinguished from the “auxins” by its great 
stability to boiling mineral acid and alkali. 

Recently a series of papers has appean^d from the laboratory of R. J. 
Williams and his collaborators [1932; 1934] on the nutritional requirements of 
the “ Gobriider Mayer ” strain of yeast. A widely distributed hydroxy-acid of low 
molecular weight, not yet isolated, is essential for the growth of this and certain 
other strains of yeast. They have called this factor “pantothenic acid”. The 
coiKJcntrated preparations of sporogenes “vitamin” obtained by Knight and 
Fildes [1933] from yeast appeared to promote growth of the Williams strain of 
yeast [Edwards, 1933]. We have tested our own active fractions on the Williams 
strain of “Gebriider Mayer” yeast, obtained through the National Collection of 
Type Cultures, and found them to be without growth -promoting efiect. An acid 
factor extractable by butyl alcohol from urine, which stimulates the growth of 
this strain of yeast, was found to be alkali-labile as reported for “pantothenic 
acid” by Williams et al. [1932]. 

The sporogenes growth factor is also distinct from the “ staphylococcus factor ” 
[Hughes, 1932; Knight, 1935] and from the “bios” whose isolation has just been 
announced by Kogl [1935]. The last two factors appear to be basic and have 
altogether difierent properties from the sporogenes factor. 


^ IMvate communication from Dr Fildes. 
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SUMMABY. 

1 . A highly active preparation of the sporogonos groAvth factor, an essential 
nutrient component for Cl. sporogeMes and other obligate anaerobes has been 
obtained. This prej)aration has the projKirties of an unsaturated hydroxy-acid 
of molecular weight about 200. Its methyl ester may be distilled in a high 
vacuum. The purified product, liberated from the inactive distilled methyl ester 
by alkaline hydrolysis, invariably promotes visible growth on a medium of 
otherwise known composition when added in quantities as small as 0-04y per ml. 

2. The relation of the sporogenes growth factor to other accessory growth 
factors of lower organisms has been discussed. 

The author wishes to express his thanks to Dr H. W. Dudley for his helpful 
suggestions and criticism during the course of this work. 
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CCXLIII. A MICROCHEMICAL TEST FOR CHOLINE 
AND ITS ESTERS IN TISSUE EXTRACTS. 
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From the Departments of Physiology and Biochemistry, Queens University, 
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Any simple test, by means of which we can detect small amounts of free choline 
and distinguish between it and its water-soluble esters in tissue extracts, is of 
interest. 

It has been known for a long time that periodide solutions are very delicate 
precipitants for choline. In 1897 Florence used the periodide reagent in testing 
for semen. In 1901 Bocarius show^ed that the test was due to the presence of 
choline in the semen. Stan^k [1905; 190(5, 1, 2], using his concentratecl potassium 
tri-iodide reagimt and determining the amount r>f nitrogen in the periodide 
precipitate, was able to estimate the amount of choline present in jilant extracts. 
Roman [1930] worked with solutions of pure choline and usc^d a modified Staiu'^k's 
reagent. He claims to be able to determine accuratiily amounts of choline ranging 
from 5y to 5 mg. per 1 ml., by estimating the iodine in the enneaiodide precipitate. 
Carles and Leuret [1934] have studied the micro(;rystalline characters of the 
periodide compounds of chohne, betaine and trimethylamine in pure solution. 

Only scanty data, however, appear in the literature regarding the micro- 
scopic characters of choline periodide in tissue extracts. Moreover, there is no 
account of the microscopic appearances of the periodide compound of any of the 
choline esters. The present investigation therefore deals with tlu^ microcrystalline 
characters of the periodides of choline and its esters. 

In all the experiments the solution to be examined was mix(‘d with Florence’s 
reagent on a clean dry microscopic slide in the proportions suggested by Cark^s 
and Leuret, i.e. 3 drops of the reagent to 1 drop of the unknown solution. 
Immediately after covering the preparation, the specimen was examined. 
The Florence’s reagent used had the following composition : potassium iodide 
1-65 g. ; iodine 2-54 g. ; distilled water 30*(K) g. 

All the solutions examined were neutral or acid to litmus. 

Choline periodide, 

Th(i microscopic picture varies greatly with the strength of the choline 
solution : 

(а) 1 : 100 dilution. Intense precipitate of large black globules of reddish 
brown hue, presenting an oily appearance. See Fig. 1. 

(б) 2 : 1000 dilution. In this dilution the most characteristic crystals of 
choline periodide are seen. They are light brown monoclinic prisms with the 
characters shown in Fig. 2 and exhibit pleochroism from a pale yellow-brown to 
dark brown or almost black when examined in plane polarised light. Although 
the actual strength of the double refraction is indeterminable, it is presumably 
very low* as no high order colours can be seen. 

(o) 1 \ 50 ,000 dilution. Thin black rods as shown in Fig. 3. In greater dilutions 
choline cannot be detected. In working with tissue extracts, however, the 
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sensitivity of the test can be increased about 100-fold by concentration and 
re-extraction with suitable solvents. 

The above findings confirm the admirable work of Carles and Leuret who 
worked with solutions of pure choline. 

Albumin, glycogen and glucose in 0*5 % solutions do not interfere with the 
sensitivity of the test. The influence of lipoids has not been studied. 




Fig. Choline periodide, J : 



Kig. 2. Clndine periodide, 1 : 1000. obtained by 
11 Cl hydrolyais of the water-soluble precursor 
from sheef)’8 brain. 



Fig. 4. A(‘etylcholiiie periodide, 1 ; 1000. 


In filtered boilirig-wat(T extracts of brain, kidney and hver (two parts of 
boiling water to one part of fresh tissue) there is no free choline within the limits 
of the test, although choline when added to boihng-water extracts of these 
organs can be detected in dilutions up to 1 : 50,000. in diseases of the central 
nervous system such as syphilis and epilepsy the choline content of the cerebro- 
spinal fluid is increas(‘d. The cerebrospinal fluid from two cases of general para- 
lysis of the insane was tested. In each case a sample of 20 ml. was examined 
directly and again after concentration to 1 ml. in vacuo. No crystals of choline 
periodide were found, i.e. choline was excluded up to a dilution of 1 : 1,000,000. 
These results are in agreement with those of Page and Schmidt [1931], who 
estimated the choline content of the cerebrospinal fluid biologically. They give 
values ranging from 0-13 to 1*3 mg. choline per litre in syphilis of the nervous 
system. In the solutions examined up to the present there has been no micro- 
crystalline deposit with Florence’s reagent which might be confused with the 
periodide of choline. 

Acetylcholine periodide. 

Unlike that of choline the precipitate is never crystalline. A 1 : 100 solution 
gives large black globules similar to those of choline. In dilutions of 1 : 500, 
1 : 1000 and 1 : 10,000 tiny black granules are seen, which become smaller and 



2066 F. J. BOOTH 

rarer the higher the dilution (Fig. 4). Above a dilution of 1 : 10,000 the granules 
are no longer seen. 

After hydrolysis by 1% NaOH for two minutes at room temperature, 
making acid to litmus with HCl and then adding Florence’s reagent, the typical 
crystals of choline periodide are seem, provided that the dilution is suitable. 
That the granules contain acetylcholine is proved by the fact that practically 
all the acetylcholine present can be found in the periodide precipitate, using 
Stanek’s method for the estimation of choline. These granules are not specific for 
acetylcholine and the test if it is to be of value in the detection of acetylcholine 
must be carried out before and after alkaline hydrolysis. 

The water-soluble precursor of choline. 

This body was isolated from the kidney by Booth and Milroy [1935] and has 
since been obtained by Booth from the brain. This ester of choline is not pre- 
cipitated by Stanek's reagent, as is evident from phosphorus and nitrogen 
determinations of the precipitate* and supernatant fluid. Thus any preeupitate, 
amorphous or crystalline, occurring in solutions of this water-soluble precursor 
treated with Florence’s reagent, cannot be due to this choline- containing com- 
pound. Frequently there may be evidence of free choline along with the 
precursor as is shown by a study of the microcrystalline deposit which may appear, 
but this only constitutes a small fraction of the choline present. Tn order that the 
choline should be set free from this ester acid hydrolysis must be carried out 

(Fig. 2). 

Wlien the moth(T substance is acetylated it is broken down, the degree of 
decomposition varying with the vigour of the acetylation, and the choline set 
free is re-esterified. After removal of the acetyl chloride^ from the reaction 
mixture, it gives granules but no crystals with Florence's reagent. After 
hydrolysis with 1 % NaOH for 2 min. at room temperature, liowevcT, the 
typical crystals of choline periodide are se>en. The mother substance itself is not 
decomposed by this mild alkaline hydrolysis. 

Summary. 

1 . A micro-chemical test for the detection of small amounts of free choline is 
described. The test can detect 20y/l(X) g. free choline in the tissues, since the 
sensitivity of the test is 1 : 50,000 and this can be increased 100-fold by appro- 
priate treatment of the extracts. 

2. Acetylcholintj can be detected as choline after hydrolysis with 1 % NaOH 
for 2 min. at room temf)erature. 

3. The water-soluble ester of choline referred to gives no precipitate with 
Florence’s reagent. 

I wish to thank Prof. T. H. Milroy for his invaluable advice during the course 
of this work. 
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The presence in the tissues of free choline and its water-soluble precursors has 

recently attracted attention. Strack et al. [1934] have studied the occurrence of 

choline in the human placenta. They found that aqueous extracts of the placenta 

contain free choline in amounts which vary according to the length of time during 

which autolysis is allowed to take place in the uterus before fixation of the tissue 

in boiling water. After precipitation of the choline in the extracts as a chloro- 

aurate, there remains in solution a choline-containing substance which contains 

choline and phosphorus in a 1 : 1 ratio. The suggestion is made that this sub- 

staiKie may be a sphingomyelin corresponding to a similar substance found in the 

liver by the same workers [1933]. Booth and Milroy [1935] have isolated from 

the kidney and more recently from the hver and brain a substance which seems 

to (‘orrespond to that of Strack et al. It contains nitrogen and phosphorus in the 

atomic ratios : m x i x- a • xr ^ i i 

Total N : Amino-N : ? = 2 : 1 : 1. 


It yields choline on hydrolysis with strong acid. 

The problem investigated here is whether the method described by Booth 
and Milroy can be used for the isolation of a similar substance from the placenta, 
and also to compare the results obtained for the placenta with those arrived at in 
the case of the kidney. It will bo shown hy using this method that there is 
obtainabk* from the human placenta a compound such as Booth and Milroy have 
described in the kidney. This would seem also to correspond to tlui substance 
found by Strack et al. 

Experimental procedure. 

For the qualitative detection of free choline the microcrystalline test of 
Florence was used. A drop of th(' solution to be tested is mixed with three drops 
of Florence’s periodide solution and examined microscopically for choline per- 
iodide crystals. Precipitation with 50% gold chloridt' was also used. The 
quantitative assay of choline was done by means of the periodide method of 
Stanek [1905J. The solution aftcT precipitation with Stanfk’s periodide solution 
is passed through a Jena filter. The precipitate is dissolved in aqueous NaOH, 
and the amount of choline determined by estimation of the nitrogen. Biological 
estimations of choline were also made after acetylation using as test objects the 
frog’s heart, frog’s rectus and mammalian intestine. 

The method for isolating the substance containing the bound choline of the 
placenta is as follows. The placenta is minced in boihng water and the fikerod 
extract precipitated with basic lead acetate. After removal of the lead the 
filtrate is concentrated to dryness at 37'' and extracted with alcohol. The 
alcoholic extract is precipitated with mercuric chloride, the prt^cipitate extracted 
with cold water and after removal of the mercury concentrated to drjmess, 

( 2067 ) 
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again extractc*d with alcohol and re-precipitated with mercuric chloride. A cold- 
water extract of this contains the bound choline and this can be further purified 
by a third precipitation with mercuric chloride. 

Results. 

The isolation of the choline-containing substance can be followed by estima- 
tions of the phosphorus and nitrogen at each stage of the procedure. In the case 
of the kidney, Booth and Milroy found that the basic lead filtrate contained 
about half the organic phosphorus of the kidney and they showed that this was 
firmly bound with choline. The phosphorus amounted approximately to 110 mg. 
per kg. of fresh kidney. In the case of the placenta the amount of phosphorus 
escaping precipitation with basic lead acetate is very much less and only amounts 
to 10-20 mg. in each placenta (500 g. of fresh tissue), so that it is evident that 
such a phosphorus-choline-containing compound as exists in the kidney can only 
be present in the placenta in very small amounts. If, however, the basic lead 
filtrate from the kidney be tested with Florence’s n^agent, it is found to contain 
no free choline, whilst in the case of the placenta free choline is always present 
up to about 100 mg. This suggests that the free choline of the placenta may have 
been derived from a w’^ater-soluble precursor such ar. has be(m described. 

The basic lead filtrate is concentrated to dryness under reduced pressure at 
37"^ and the residue extracted with alcohol. It is found that there is a loss of 
about 25-50% of the organic phosphorus during the alcohol extraction. Home 
of this can be recovered by extracting with acid alcohol. The alcoholic or acid 
alcoholic extract is now precipitated with mercuric chloridti aft(»r neutralisation, if 
necessary, wnth fused sodium acetate. Tliis rf^sults in a copious white precipitati' 
containing both free and bound choline. This j)recipitate, after washing wutli 
alcohol, is extracted with cold water. The mercury compound of tht^ free choline 
is relatively insoluble in cold water, but if the solution is analysed after n^moval 
of the mercury it is found that about 90 % of the organic phosphorus is contained 
in it. This organic phosphorus, as will be shown later, is in coinbination with 
choline so that the mercury salt of the bound choline> is readily soluble in cold 
water. The solution is now neutralised, evaporated at 37 to dryness, (‘xtracted 
with acid alcohol, as the* compound is now relatively insoluble in muitrai alcohol, 
and re -precipitated with mercuric chloride. 

An aqueous extract of this second mercury }>r(^cipitat(" in the case of the 
kidney contains the choline- containing su Instance in relatively pur(‘ form. On 
analysis, it is found to contain : 

Total N : Amino-N : P in ratio of 2 : 1 : 1, 

That the same does not hold in the case of the placenta is schui from the following 
sets of figures obtained in thret) different experiments by analysis of the aqueous 
extract of the second mercury precipitate. 

P ; 

1 : 4*03 

1 : 8*20 
1 : 310 

It is evident that the procedure used docs not yield a substance of fixed com- 
position, and in all cases the nitrogen value is much higher than would be obtained 
from th(^ ki(biey. Owing, however, to the very small amount of organic phos- 
phorus obtainable from the placenta it was considered advisable to examine the 
nature of the solution obtained before attempting further purification. 



CHOLINE COMPOUND IN PLACENTA 


2069 


To determine the presence or absence of free choline the extract was con- 
centrated at 37® and 50% gold chloride added. This gave no precipitate. 
Another fraction was heated at 100® for 8 hours in a sealed tube with an equal 
volume of 50 % hydrochloric acid. On addition of gold chloride, after neutralisa- 
tion, a precipitate formed. The melting point of this precipitate (210®) was much 
lower than that of pure cholim’t chloroaurate. A part of the gold salt was sus- 
pended in water and the gold removed by hydrogen sulphide. The filtrate gave a 
strongly positive microcrystalline test for choline.* The presence of choline was 
further confirmed by acetylating a part of the gold-free solution and testing 
biologically on the heart of frog, rectus of frog, mammalian blood pressure and 
intestine. On all these test objects a typical ac(*tylcholine-like action was 
obtained. The action was inhibited b}" atropine and did not appear after mild 
alkaliiK^ hydrolysis. One may (conclude therefore' that the cold-water extract of 
the second mercury pnicipitate contains no free choline, but that choline can be 
set free from it by hj^drolysis with strong acid. 

In carrying out quantitative' (,'stimations of the amounts of free and bound 
choline by Stanek’s pc'riodide method, it was considtjrt'd advisable to do control 
experimeiits in which a known amount of free cholimj was added to the solution 
before j)recipitation. 5 ml . of the extract were precipitatfid with Stanc'k's solution, 
and nitrog('n and phosphorus values defr*rminod in the filtrate' and precipitate. 
The same procedure was repeated on another sample of 5 ml. to which had been 
added 2 ml. of choline solution containing 1-730 mg. of choline-nitrogen. The 
results were as follows; 

5 ml. extract + 1-74 mg. 



5 ml, extract 


choImc-N 


, ' — 

— 

r— 

^ ^ 


P 

X 

P 

N 


mg. 

mg. 

mg. 

mg. 

Before precipitation 

0 710 

.‘Mtj 

0-71 

4-78 

After preciiiitation : filtrate 

U-67S 

2*88 

0-07 

2-79 

precipitate 

0041 

009 

0-0 

1-81 


From tlu'se figures, it is seen that any free choline added is removed quanti- 
tatively, th(' original extract itself contains only the smallest tra(ies of free 
choline, and that all the phosphorus and therefon* the bound choline escapes 
precipitation. 

The bound choline was estimated by precipitation with Stanek’s solution 
after strong acid hydrolysis (25% HCJl at 100' for 8 liours). The nitrogen and 
l^hosphoriis values in the periodide filtrate and precipitate in one case were as 


follows : 

V X 

mg. mg. 

Extract before hydrolysis <>*70 2-72 

Hydrolysed extract after precipitation: fiUraU' 0-70 2-44 

precipitate U-O ()-31 


It is seen that the amount of nitrogen (0-31 mg.) in the form of choline set 
free by acid hydrolysis bears to the total phosphorus (0-70 mg.) an atomic ratio 


of 1 : 0*95. 

In another case the figures obtained were ; 

1* N 

mg. rag. 

Extract before hydrolysis 1*05 4-074 

Hydrolysed extract after precipitation: filtrate — 3-64 

precipitate — 0-56 
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Again, the amount of nitrogen (0*56 mg.) in the form of bound choline bears 
to the phosphorus (1*05 mg.) an atomic ratio of 1 : 1*1. It is evident, therefore, 
that the extract contains no free choline, but contains choline firmly bound 
which can be liberated by acid hydrolysis, the amount of choline in this form 
being in equal ratio with the phosphorus in the extract. There is also a large 
amount of nitrogen present which does not represent either free or bound 
choline. 

The choline-containing substance can be freed from extraneous nitrogen by 
a third precipitation with mercuric chloride. In one sample after this treatment 
an analysis of the aqueous extract of the mercury jn’ccipitate gave the following 
figures: total N, 2-313 mg.; amino-N, 1-164 mg.; total P, 2-416 mg.; the atomic 
ratio being 2-11 : 1-07 : 1-0. 

A portion of this extract was taken and after acetylation tested biologically 
on the frog’s rectus. The assay showed the presence of choline and the amount 
of choline was estimated to corresf)ond with half of the total nitrogen. The 
amounts present were insufficient for accurate chemical assay. 

In contrast with the biological activity of this very small quantity of nitrogen- 
containing substance was the complete absence of any activity from the non- 
choline-nitrogen present in the periodide filtrate of the aqueous extract of the 
second mercury precipitate. In order to show this the filtrate (after removal of 
the iodine with molecular copper and removal of the copX)er as a sulphide) was 
acetylated and tested on the frog's heart-, frog’s rectus and mammalian intestine. 

We have, therefore, obtained from the placenta a substance containing 
choline-N, amino-N and phosphonis in 1:1:1 ratio. The amount of tlu^ 
substance isolated has been insufiicient for a determination of other possible 
constituents of the molecule, but it would appear probable that it is similar to 
that isolated by Booth and Milroy from the kidney, which they regard as a 
choline phosphoric acid estcT of spliingosiius and is also of the same nature as the 
substance present in the extract obtained by Strack et al, from th(^ jdacenta. 

StJMMAKY. 

There is present in aqueous extracts of the human ];>]acenta a substance 
containing bound choline in a water-soluble form. Each molecule of this sub- 
stance contains one molecule of choline, ojie of phosphoric acid and one amino- 
linkage. 

The substance is present in only very small quantities in the normally bom 
placenta. 

The presence of frec^ choline in the placenta can be readily demonstrated by 
Florence’s microcrystalline test. 

My thanks are due to Prof. T. H. Milroy for his advice and assistan(;e during 
tins work. 
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Ik a recent publication fBocjth and Miiroy, 1935] brief reference was made to an 
extremely water-soluble ester of choline which contains in addition phosphoric 
acid and a compound with many of the characteristics of sphingosine but no 
fatty acid. It is found in the kidney, brain and in other tissues. 

In this paper the method of isolation and the chemical nature of the body as 
found in the kidney are given in detail, tlu*n reference is made to its presence in 
the brain and liver, and lastl;y the biological prof)erties an^ briefly discussed. 

Method of isolation. 

The fresh fln(0y minced tissue is extracted with boiling water for five minutes. 
The mixture is then made acid to litmus with glacial act‘tic acid and boiled for 
tliree minutes. The warm extract aft(‘r filtration and cooling to room temperature 
is precipitated completely with basic k'ad accdate and rendered alkaline to litmus 
with ammonia. The lead procif)itate is allowed to settle for two hours and 
removed. The filtrate, after removal of the lead, is evaporated to drvness under 
rediK^ed pressure at 40'\ A little quartz sand is added and the residue is 
thoroughly extract('d with 3~4 changes of hot absolute alcohol. Th(^ })recipitate 
which forms after mixture of the alcoholi(j extracts is removed and the filtrate is 
evaporated to dryness at a low temperature under reduced pn^ssure. The dry 
residue is frequently (extracted with alcohol. Tlu* combim^d second alcoholic 
extracts sometimes give a precipitate which is discarded. The final clear alcoholic 
extract is precipitated with a saturated solution of HgClg in absolute alcohol. 
The precipitate is separated, washed with absolute alcohol and extracted twice 
with cold water (6^ ). After removal of the mercury as sulphide, the extract is 
neutralised to litmus and concentrated under reduced pressure at 40"". The residue 
is exhaustively extracted with ab.solut(^ alcohol containing 3--4% HCl. SuflBcient 
alcoholic mercuric chloride for complete precipitation is added to the clear 
alcoholic extract. Usually only a cloud appears. A saturated solution of fused 
sodium acetate in alcohol is now added until the supeniatant fluid remains clear. 
The precipitate is separated and washed with absolute alcohol. 

As a rule the second HgCL^ precipitate is completely soluble in cold water and 
gives on analysis 2N :1P. If this ratio is still too high another precipitation with 
HgCl 2 is necessary. The cold-water extract of the second HgC^ precipitate con- 
tains about 50% of the organic P originally present in the lead filtrate. It is 
advisable to estimate the amount of phosphorus at every stage. Large losses are 
usually duo to faulty alcohol extraction. If the alcohol is definitely acid in re- 
action and the mixture thoroughly shaken with quartz sand, the extraction is 
much more complete. There is no evidence of hydrolysis of the substance by the 
acid alcohol if the extract is precipitated immediately and the mercury pre- 
cipitate then separated and washed with alcohol. 

( 2071 ) 
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After removal of the mercury from the cold-water extract of the final HgClg 
precipitate the solution is evaporated to small bulk. The excess chloride in the 
concentrated solution is removed by silver carbonate and the dissolved silver by 
careful addition of hydrochloric acid. 

Two experiments are quoted, the first in order to illustrate the method of 
separation and to furnish analyses of the final purified body and the second in 
order to study the products of acid hydrolysis. In all eases the total N was 
estimated by the rnicro-Kjeldahl method, the amino-N by the method of Van 
Slyke and the P by the method of Fiske and 8ubbarow [1925]. 

I. Horse kidney (2*07 kg.). 

1. The original boiled extract contained, per kg. fresh tissue, 240 mg. 
ortho-P and 222 mg. organic P. 

2. The basic lead filtrate contained 101 mg. organic P. per kg. 

3. A portion of the alcoholic extract of the concentrated lead filtrate, 
containing 130 mg. organic P with a ratio of 30*8N : 1 P, was taken for precipita- 
tion with HgClg. 

4. The cold-water extract of the first HgClg precipitate contained 118 mg. 
organic P and had a ratio of 8*1N : IP. 

5. The similar extract of the second precipitate contained 84*5 mg. organic 
P(2-8N:1P). 

(5. A portion of the extract of the third precipitate', which gave a 2N : IP 
ratio, was freed from excess chloride and dried to constant weight. On analysis 
the specimen (after deduction of the traces of chloride not removed) gave' the 
following results : , 



Found 


Ojganic P 

Total N 

04i 

8*42 

5-88 

5*80 

Amiiio-N 

2*98 

2-90 


II. Ox kidney (1-61 kg.). 

1. The basic lead filtrate contained 137*5 mg. organic^ P j)er kg. 

2. The extract of the first HgCla preciijitate contained t)0*() mg. organic 
P(4*i7N:lP). 

3. The extract of the second precipitate gave on analysis : (>5-8 mg. organic 
P and 58*0 mg. total N (1-95N : IP). Calculating the choline value from half the 
nitrogen, the amount of choline chloride in the bound form should be 288 mg. 
After acid hydrolysis of this extract 835 mg. <*hloroaurate (m.p. 233"", Au 44*44 %) 
were obtaim'd. This corresponds to 263 mg. choline chloride. The chloroauraU^ 
was free from amino-N and P, and on testing biologically was found both 
qualitatively and quantitatively to be identical with tin* salt of choline. 

Chemical nature^ 

The large amount of the acid-soluble organic phosphorus of the kidney which 
escapes basic lead acetate precipitation is evident from Tables I and 11. 


Table I. 


Kxp. 

8our’(;e and moist 
weight of kidney 
tissue 

Boiling water extract, 

^ A ^ 

mg. ortho-P mg. organic P 

Bask* lead 
filtrate, mg. 
organic 

% organic 

P escaping 

no. 


l)er kg. 

per kg. 

per kg. 

precipitation 

1 

1000 horse 

225 

191 

1)4 

59-7 

2 

2070 horse 

246 

222 

101 

45-5 

3 

825 ox 

340 

240 

127 

63*0 

4 

1900 ox 

313 

243 

243 

58*8 
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On an average 54*2 % of the acid-soluble organic P of the kidney escapes basic 
lead precipitation. 

Table II gives the absolute yields of organic P which escape basic lead 
precipitation. 

Table II. 


Exp. ijo. 

weifxlit and source 
of kidney tissue (g.) 

Basie leaf I filtrate 
mg. organic P per kg. 

1 

I/5(M) horse 

8.)-4 

2 

J250 

00-6 

3 

242r> „ 

102-5 

4 

1260 „ 

93-0 

5 

2250 

109-5 

r» 

1280 „ 

1(K)-S 

7 

1330 

90-2 

s 

430 ox 

15.V0 

u 

(>.>0 „ 

132-9 

10 

530 „ 

128 3 


On an average 108-8 mg. organic* P ])er kg. escape precipitation by basic lead 
acetate. 

The P-c‘ontaining substance present in the lead filtrate of the kidney is 
extremely soluble in water. It can be extracted almost completely from dry 
residues of the lead -free filtrate by hot absolute alcohol. After precipitation with 
mercuric chloride*, the substanc.*e is only slightly soluble in neutral alcohol but 
is readily dissolv(*d by alcohol containing 3-4% HCl. It is precipitated from 
acid alcohol by fused sodium acetate along with much nitrogenous impurity. It 
is insoluble in acetone, ether and chloroform. It can be precipitated from aqueous 
and alcoholic solution by a large excess of acetone but incom2)letely and along 
with nitrogenous imjmrity. 

The Ba, Cn^ Ag, Pb, and Hg salts are all soluble in water. The double salt 
with gold and the |)eriodide compound are also soluble in water. 25% phos2)ho- 
tungstic acid in 5®/o H2S()4 precipitates the P-containing substance incompletely 
and this method of sf‘paration is very unsatisfactory. The Ag and Ba salts are 
soluble in alcohol, but afU*r baryta hydrolysis the Ba salt seems to lose its 
solubility. The double* salts with cadmium chloride and mercuric chloride are 
both insoluble in alcohol. 

Tlje purified substance is yellow and resinous and on analysis shows approxi- 
mat(ily the (*omposition of a compound ester of choline and sphingosine with 
phosjihoric acid. The opti(*al activity is a2)parently low as no rotation could be 
detected in a solution of the pure substance containing 4 mg. organic P per 
1 ml. ( = 6*22% choline-sphingosiiiephosphoric acid), when examined in a 
1 dm. tube. 

In Fig. 1 the hydrolysis curves of the P-containing substance found in the 
lead filtrate of the kidiu'V and liver are compared with that of calcium glycero- 
phosphate (Merck's neutral). Hydrolysis was carried out with l-53xV H2SO4 at 
100°. In all three cases the phosphoric acid is firmly bound. 

Half the nitrogen of the 2)ure substance is present in the form of choline. 
All the choline is set free by 20 % HCl at 100° in 8 hours. The chloroaurate 
obtained from the HCl hydrolysaU^ melts at 233° (sharp), instead of 252°, but is 
otherwise identical with that of choline. The amount of choline obtainable from 
the substance can only be given approximately, but I'rom 250 to 300 mg. choline 
chloride per kg. fresh kidney have been obtained by acid hydrolysis of the 
purified substance. 
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The N and P contents of this ester and the fact that half the nitrogen is in the 
amino-form suggest strongly the presence of sphingosine, although it has not 
been satisfactorily isolated. There is no fatty acid or reducing carbohydrate 
among the products of hydrolysis. 



Fig. 1. O — O lead filtrate (kidney); x — x lead filtrate (liver); 

Q — □ calcium glycerophosphate. 

All these facts agree with the suggestion that the substancij is the choline 
ester of sphingosinephosphoric acid. The question as to whot her all the organic P 
present in the basic lead filtrate is of the same typ(i is still uncertain. Naturally 
traces of the well-known phosphoric acid esters will escape lead j)recipitatioa. 
About 50% of the organic phosphorus originally present in the. lead filtrate can 
be obtained in the pure ester form. How much of the remaining 50 % is in the 
same form it is impossible to say. 

Strack et aL [1933; 1934] describe a similar substance wlii(*h they found in the 
liver and placenta and from which choline is readily set free in aedd solution. 
They regard the substance from the liver as a wab^r- soluble sphingomyelin. They 
state that the quantity available did not allow them to identify the fatty acids 
but they conclude that the contents of total N, arnino-N and choline-N 
correspond to a sphingomyelin of mol. wt. 800 [Thic^felder and Klenk, 1930]. 
They refer to half the nitrogen being in the amino-form (Van Sl 3 '^ke detoraina- 
tion), although no such nitrogen is present when the sijhingosinc is linked to the 
fatty acid as in the ceramides, spingomyelins and cerebrosides. They also state 
that it is possibly the same body as that described by Frankel et al. [1933], 
although the sphingomyelin obtained from the liver by the latter authors was 
only slightly soluble in water, forming a colloidal solution. 

Karrer and Salomon [192G] have obtained by partial baryta hydrolysis of 
lecithin a choline ester of glycerophosphoric acid. Unlike that of glycerophosphate 
the Ba salt of tiiis ester is fairly soluble in alcohol. 

Presence in the brain and liver. 

The points on which the identity of the ester can be established with reasonable 
certainty are as follows : 

(1) It contains organic P in a form not precipitable by basic lead acetate and 
is soluble in water and alcohol. 

(2) The double salt with mercuric chloride is insoluble in alcohol but is 
extremely soluble in cold water. 
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(3) It is not precipitated by 50 % gold chloride. 

(4) It shows a ratio of 2N : 1 P, half of the nitrogen being in the amino -form, 
and yields choline on hydrolysis. 

Brain, In the following two experiments the brain tissue was worked up in 
the way described abov(\ Unfortunately the amount of material available did 
not allow of complete purification, and so in the first experiment the second 
mercuric chloride precipitate was examined for bound choline by acid hydro- 
lysis and precipitation with 50% gold chloride and in the second by similar 
hydrolysis and precipitation with Florence’s reagent. The values given are 
calculated for 1 kg. moist tissue. 

I. Sheep brain (290 g.). 

1. The boiling-water extract contained 247 mg. organic P. 

2. The lead filtrate contained 77 mg. organic P. 

3. The extracit of the first HgCL precipitate gave on analysis 49*2 mg. 
organic P (7*42N : IP). 

4. The extract of the second precipitate contained 36-3 mg. organic P 
(3*6 N : IP). After removal of the Hg and iitMitralisation to litmus, the extract 
was concentrated to 2 ml. and acidified (20% HCl). A small sample was tested 
immediately with gold chloride. There was no precipitate. After hydrolysis for 
9 hours at lOO'^, 486 mg, chloroaurate (m.p. 252 ^ Au 44*46%) were obtained. 
This corresponds to 153 mg, choline* chloride*. A portion of the chloroaurate 
after nunoval of the gold was ac(*tylated and tested biologically. It was found to 
have the same action as acetylcholine. The chloroauratt^ is therefore identical 
with that of choline. Assuming a ratio of 1 P : 1 choline in tlie second sublimate 
precipitate, it follows that 93*6 % of the bound choline can be recovered as the 
choloroaurat<‘ after acid hydrolysis. 

II. Horse brain (580 g.). 

1. The lead filtrate contained 51 mg. organic P. 

2. Tlie cold water extract of the first Hg0l2 precipitate contained 35 mg. 
organic P. 

3. The extract of the second precipitate gave on anal.ysis 25 mg. organic 
P (4*3N:1P). The extract gave no crystals of cholitu* periodide but after 
hydrol3*sis these could be easily demonstrated. 

There is therefore present in the brain a water-soluble P-(‘ontaining substance 
'which yields (?holiue on hy^drolysis. From the partly purified body 153 mg. 
(‘.holine chloride j>er kg. have been obtained by acid hydrolysis. The ester is 
probably identical with that found in th(* kidn(*y. A third precipitation with 
HgC^l^ would almost certainly redu<*e the N : P ratio to 2 : 1. 

Liver. There is definite* evidence of the choline ester in the liver. In Fig. 1 the 
hydrolysis curve of the P-containing substance in the lead filtrate is compared 
with that of the similar substance in the kidney. The curves stand in good 
agreement. In one experiment a 2N : 1 P ratio was reached in the second mercuric 
chloride precipitate and half the nitrogen was accounted for by choline, using 
Stan^k’s method of estimation [1905; 1906, 1, 2]. 

Biological properties. 

The biological study has been confined to the action of the ester, before and 
after acetylation, and of the acetylated base derived from this ester by acid 
hydrolysis, gold precipitation and acetylation, on the usual choline test objects. 
The strengths of solutions used are given in terms of nitrogen values. 

The mother substance when freshly prepart^d has no action on the eserinised 
frog’s rectus. Sometimes it shows a slight activity in strong concentrations due 
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to the presence of free choline. The acetylated mother substance (Fig. 2) is 
qualitatively identical with acetylcholine in its action. Acetylcholine has been 
demonstrated in the reaction mixture by the periodide reagent and the degree of 
activity depends on the amoxint of decomposition during acetylation and the 
quantity of acetylcholine thus formed. The acetylated bast* (Fig. 3) behaves 
qualitatively and quantitatively exactly like acetylcholine. The action is pre- 
vented in all cases by atropine. 




1 


Fig. 2. Fig. 3. 

Fig. 2. Rabbit’s intestine. M, aet'fylatod mother siibstarn (‘, half N- value’ as 
acetylcholine = 1 /],748,00(). Ji, , same as M after atrojune. 

Fig. 3. Eaerinised loctus of frog. 1. Acetylcholine chloride, J /T>(KI.(K)0. 2. Acetylated base 
from mother substance (brain) K- value — acetylcholine 1/450,000. 3. 2 after atropine. 

Summary. 

1. An extremely water-soluble substance wdth chemical jiroperties which 
indicate that it is the choline ester of sphingosinej)hosphoric acid has been 
isolatt'd. Over 260 mg. choline ciiloride per kg. fresh kidni^y may be obtained by 
acid hydrolysis of the pure substance and over 150 mg. choline chJoride per kg. 
fresh brain by acid hydrolysis of the partly purified substance. 

2. The method of isolation depends on the precipitability of tlu* ester from 
ah^oholic solution as the double salt of HgCJo and the solubility of this double salt 
in cold water (6'^). Purification is effected by repeated jnvedpitation witli HgCIg. 

3. The general characters of the water-soluble ester of eholiiie found in the 
l>rain and liver indicate that it belongs to the same eJass as the one nK*t with in 
the kidney. 

4. The* ester has no action on the eserinised rectus of th(* frog. During 
acetylation it is decomposed and the acetylated derivative*, has all the* (;hemical 
and biological properties of acetylcholine. 

The author wishes to acknowledge that throughout the whole* of this work he 
has had the invaluable guidance and co-operation of Prof. T. H. Milroy. 
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CCXLVI. METABOLISM OF AMINO-ACIDS. 

V. THE CONVERSION OF PROLINE INTO 
GLUTAMIC ACID IN KIDNEY. 

By HANS WEIL-MALHERBE and HANS ADOLF KREBS. 

From the Biochemical Laboratory ^ Cambridge, 

(Received July llih, 1935) 

I. Formation of amide-nitrogen from proline and hydroxy proline. 

It was shown in the j)re(^e(ling paptT of this series [Krc^hs, 1935, 2] that kidney of 
rabbit and gninea-])ig convents ammonium glutamate into glutamine. When 
exptTiinents we're carried out to dotormin(‘ whether other amino-acids could 
form amides, it was found that only proline and hydroxyproline behaved simi- 
larly to glutamic acud. 

If proliufi or hydroxyproline and ammonium salts are added to kidney, 
ammonia disappc'ars and the ammonia whi(*h has disappeared is found in tlu* 
solution as amide-nitrogen (Table I). Tlie rate of amide -nitrogen formation is 
smaller in the presence of proline or liydroxyproline than it is in the presence of 
glutamic acid. With ])rolin(' the rate of amide-nitrogen formation is 20-30 , 

whilst with hydroxj^proline it is 5-10^!;,, of the rate obtained with ?-( + )- 
glutamic acid. 

When jiroline or hydroxyproline (without ammonia) is added to kidney 
slices, l(*ss ammonia is formed than in th(*ir absence ; instead of ammonia amide- 
nitrogc'u is found in the solution (Table 1). 

Proline and hydroxyjuoline also cause an increase in the oxygen uptake of 
kidney as previously obs('rv('d [Krebs, 1933, 1: Bornheim and Bemheim, 1934J. 
This increasf' amounts to 60-100% and is about the same with proline and 
hydroxyproline (Tables 1 and 11). 

II. Formation of amino-nitrogen from proline a'nd hydroxyproline. 

The amide formed in tlu^ presence of proline and hydroxyproline' behaves like 
glutamine on a(;id hydrolysis (complete hydrolysis in 5% sulphuric acid at 100® 
in 5 min.). This makes it probable that the amide formed from proline and 
hydroxyproline is glutamine. A conversion of proline into glutamine is con- 
ceivable, the primary step being the oxidation of proline to glutamic acid 
according to the equation : 

C,HAN + 02 "> CjHAN (1). 

proline glutamic acid 

In this reaction amino-nitrogen would be formed; we dek'rmined the amino- 
nitrogen by Van Slyke’s method and found an amount of the expected order of 
magnitude (Table II). This shows that the oxidation of proline and hydroxy- 
proline actually yields an amino-compound. 

Under anaerobic conditions no amino-nitrogen is formed from proline or 
hydroxyproline (Table II). Only by oxidation can the pyrrolidine ring be 
opened by kidney tissue. 
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Table I. Disappearance of ammonia and formation of amide -nitrogen in the 
presence of proline arid hydroxyproline in kidney. 

(Phosphate saline, for experimental details see Krebs [1935, 1, 2].) 


Amount of 









Amide-N 


mg. 


Time 


^ ' 

' ^ 


found 


Animal 

tissue 

Substrate added 

mm. 

Qo, 

Initial 

Final 

pi? 

pi. 

(tfAtnidv-N 

Guinea- 

13-81 

Jf/50 /-( ~ ) proline 

120 

-20-6 

0 

5-5 

0-20 

66-8 

2-0 

pig 

13-95 

M/50 /-( - ) hydroxyproline 


- 19-6 

0 

17-1 

0-61 

28-3 

1-0 


9-31 

i//50 /-( -f ) glutamic acid 


25-9 

0 

6-4 

0-34 

98*6 

5*3 


12-52 

0 


- 14-3 

0 

31-0 

1-2 

19-2 

0-8 

Guinea- 

12-54 

if/50 /-( - ) proline 

180 

-200 

224 

37-8 

-5-0 

249 

6-6 

pig 

10-04 



-2J1 

0 

J-65 

0-05 

80-0 

2*6 


10-01 

M/50 /-( - ) hydroxyproline 


-22-6 

224 

178 

-1-5 

66 

2-2 


12-78 



-20-2 

0 

8-2 

0-25 

38-0 

1-0 


15-36 

0 


-11-8 

224 

231 

0-15 

13-6 

0-3 


12-47 

0 


-14-1 

0 

27-2 

0-73 

17-8 

0-5 

Guinea- 

16-14 

M/50 1-( - ) hydroxyproline* 

120 

- 19-5 

74-5 

23-2 

-1-6 

70-6 

2-2 

pig 

14-23 



- 20-.1 

0 

6-2 

0-22 

37-2 

1-3 


17-59 

0 


-14-0 

74-5 

87-5 

0-37 

19-3 

0-55 


13-83 

0 


15-4 

0 

10-2 

0-37 

24-9 

0-90 

Guinea- 

13-05 

M/50 1-{ - ) prolino 

120 

-20-9 

228 

30-8 

-7*6 

240 

9-2 

pig 

9-28 

M/50 1-{ - ) hydroxyproline 


-23-7 

228 

211 

-0-9 

47-5 

2-6 


12-57 

0 


- 15-3 

228 

218 

-0-4 

16-3 

0-7 

Guinea- 

11-38 

M/50 /-( - ) proiine 

30 

- 24-9 

224 

167 

~ 10-0 

38-5 

0-7 

pig 

9-82 

„ 

60 

-25-7 

224 

136-5 

~8-9 

63-2 

6-4 


16-27 


120 

- 2.v2 

224 

38 

-5-8 

113 

3-5 


10-42 

0 

120 

-17-8 

224 

207 

~ 0-8 

10-4 

0-8 

Guinea- 

9-77 

M/50 Z-( - ) proline 

120 

-25-2 

224 

87 

-7-0 

120 

6-2 

pig 

8-13 

0 


16-5 

224 

217 

- 0-5 

14-5 

0-9 

Kabbit 

18-62 

M/50 /-( - ) proline 

80 

-20-4 

224 

161 

-2-54 

65-5 

2-6 


9-33 

M/50 /-( + ) glutamic acid 


-30-3 

224 

70 

-12-4 

186 

14-9 


17-10 

0 


-111 

*0 

28-8 

1-26 

9 

0-4 


* The hydroxyproline used for this experiment was twice roerystallised, in order to free the substance com- 
pletely from proline. 


Table II. Formation of amino-nitrogen from proline and hydroxyproline in 

kidney. 


( Phosphate saline, 37-5''.) 


Animo-N 

Time formed 


Animal 

mg. tissue 

Substrate added 

min. 


pi. 

C? Amino N 

Rat 

12-18 

M/50 1-{ - ) proline 

120 

-45*0 

182*6 

7-6 


13-98 

0 

120 

-25*1 

98*2 

3*5 

Rat 

5-19 

M/50 1-{ - ) prolino 

120 

-38*6 

144 

13-9 


6*82 

0 

120 

-23-5 

61 

4-4 

Guinea- 

13*74 

1 

i 

60 

-25*6 

147 

12-0 

pig 

8*80 

M/50 /-( - ) proline 

120 

-19*9 

211 

10-7 


11*57 

0 

60 

-17*3 

74 

6*4 


11*40 

0 

120 

-18-7 

72*3 

3*6 

Guinea- 

16*07 

M/50 1’{ - ) hydroxyproline 

180 

-19*6 

347 

7*2 

pig 

15*36 

0 

180 

-13-8 

84 

1*8 

Guinea- 

20*60 

M/50 /-( - ) proiine 

120 

0 

119 

2*9 

pig* 

19*69 

0 

120 

0 

92 

2*4 

Guinea- 

16-75 

M/lOO /-( - ) proiine 

120 

-27-7 

433 

12*9 

pig 

16*14 

M/100 1-( - ) hydroxyproline 

120 

-22*7 

274 

9*1 


18*04 

0 

120 

-14-9 

91 

2*5 


* Anaerobic experiment. 
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111. Isolation of oL-ketoglutaric acid. 

Since amino-acids are oxidised by kidney slices, it is not possible to accumulate 
the amino-acid which is formed from proline in sufficient quantity for isolation. 
It was possible however, by adding arsenious oxide [Krebs, 1933, 2J, to check the 
oxidation of the amino-acid at the stage of the ketonic acid and to identify the 
latter as a-ketoglutaric acid. 

Slices of rabbit kidney cortex (1*3 g. dry weight) wore suspended in 150 ml. 
bicarbonate saline containing Jlf/25 ^-(~) proUne and Jf/380 arsenious oxide. 
The suspension was placed in four flasks of the shape previously described 
[Krebs, 1933, 1], the gas space being filled with 5 % COg in Og. The vessels wore 
shaken for 4 hours at 37*5° after which the slices wore removed and the protein 
was precipitated with trichloroaciitic acid The clear solution was concentrated 
in vacuo to about 60 ml. and 5 ml. of a solution of 2:-f-dinitrophenylhydrazine 
(0*7 % in 2NH()1) added. After a few minutes a i)r(^cipitate began to separate. 
The fluid was kept on ic(i and on the following day the [)recipitate was removed 
by centrifuging and washed with dilute HCl and water. The dried precipitate 
weighed 63*7 mg. ; it showed two different forms of crystals — ^fine needles and 
whetstone crystals, arrangcvi in rosettes. The melting-point of this crude product 
was 209*5° (uncorrocted). The crystals were ver}^ readily soluble in N sodium 
bicarbonate, giving a pile brown solution. On acidification with HCl 58 mg. 
separated out (m.p. 211*5°, uncorn'cted). This material was not completely 
soluble in (4hyl alcohol. On dilution of the alcoholic solution with wattT crystals 
of both types were obtained again (48*2 mg., m.p. 215°). The product was now 
recrystallised from (‘thyl acetat(\ Again a small amount of insoluble residue 
remained. This time the recayatallised material was uniform and consisted of fine 
needles. The c’olour w'as lemon yellow whereas the former products were orange; 

M. P. 222° (uncorrected). Th<* dinitrophenyllyalrazone of pure a-ketoglutaric 

acid has the same (*olour, the same melting-point and the same solubility in 
N sodium bicarbonate [Krebs, 1933, 2]. Mixed melting-point 222°. (Found 
(Dr Weiler, Oxford): 0, 40*59%; H, 3*42%; N, IG'71%. requires 

C, 40*44%; H, 3*09%: N, 17*18%.) 

In the mother-liquor of the first dinitrophenylhydrazone precipitate 2*73 mg. 
ammonia-N and 2*04 mg. amide-N were found. 63*7 mg. diiiitroph(‘nylhydrazone 
of a-ketoglutaric acid are equivalent to 2*77 mg. amino-N. Thus less a-keto- 
glutaric acid is found than is calculated from the amount of ammonia and amide- 

N. This is explained by the fact that ansenious oxide does not completely inliibit 
the breakdown of the ketonic acid formed. 

When hydroxyprohne was added as substrate instead of prohne no appreciable 
amounts of a dinitrophenylhydrazone were found. 


IV, Pyrrolidonecarboxylic acid. 

It might be assumed that the first step in the oxidation of proline is the 
formation of pyrrolidonecarboxylic acid, according to the equation: 

HjC ()Ha nfi H^C CH, 


^H.COOHh-Oj, 

H 

proline 


H 

pyrrolidono- 
carboxvlic acid 


COOH + H,0~vHOOC 


:;h.cooh 


glutamic acid 


We therefore studied the behaviour of this supposed intermediate in guinea-pig 
kidney. /-( — ) Pyrrolidonecarboxylic acid was prepared from i-( -h ) glutamic acid 
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according to Abderhalden and Kautzsch [1910]. The substance was free from 
glutamic acid (no amino-N). 

Pyrrolidonecarboxylic acid, when added to guinea-pig kidney in neutral 
solution, had no effect on the oxygen uptake, on the ammonia consumption or on 
the formation of amino- and amide-nitrogen. This leads to the conclusion that 
pyrrolidonecarboxylic acid is not th(‘ intermediate, and that scheme (2) does not 
apply to the oxidation of proline in kidne}^ 

Abderhalden and Hanslian [1912] observed that /-( — ) pyrrolidonecarboxylic 
acid is metabolised when fed to a rabbit. The path of the breakdown is unknown 
however: we were unable to detect an enzyme whioli hydrolyses pyrrolidone- 
carboxylic acid to glutamic acid ('ither in slices or in extracts of guinea-pig or 
rabbit kidney. 

V. Inhibition of the oxidation of proline by oxidisable substances. 

It was shown in section II that amino-nitrogen is foriiK^d when proline is 
oxidised. The formation of amino-nitrogen can be used to follow the oxidation 
of proline under various conditions. The formation of amino-nitrogen from 
proline is depressed when lactatt^ or p^Tuvate is added (Table 111), because these 


Table III. Oxidation of proline in the presence of lactate and pyruvate. 



jCJuineaqng kidney, 37-5“, 

2 hours. 

Ainino-N 


mg. tifisue 

Substrate added (final coricontrations) 

Qoz 

formed (pi.) 

^niluM.N 

18-04 

0 

- 14-9 

90-8 

2-5 

18:i6 

3//I00 d/-lactate 

- 23-2 

m 

2-8 

14-79 

iW/100 pyruvate 

- 23-2 

— 

— 

16-75 

Jf/J(K> ?-{ - ) prolinc 

-27‘7 

433 

12-9 

18-19 

J//100 d/-laotate h i//100 /-( - ) proline 

- 24-3 

272 

7-5 

17-22 

J//100 pyruvate -h MIWO /-( - ) prolnie 

-24-6 

319 

9-2 


substances are oxidised instead of proline, hlacli substrate — proline, la(;tate or 
jiyruvate — causes an increase in the oxygen uptake; but two substrat(^s to- 
gether do not yield a summation of the separate increments [s(h> Krebs, 1935, 1]. 
These experiments seem to indicate that the activation of oxygen is the same 
for proline and for the other substrates ; but it is still an open question wludher 
the activation of proline (by a ‘‘dehydrogenase/’) is 8]XKufic or whether it is the 
same as for the i5-amino-acids. The oxidation of proline occurs only in tissues 
which oxidise /-amino-acids, that is in kidney and liver, and the rates of oxidation 
seem to run parallel: proline and /-amino-acids are oxidised about ten times more 
rapidly in kidney than in livcT. We found no oxidation of proline in brain, muscle, 
intestine or spleen of the guinea-pig. 

The oxidation of prolino is inhibited to the same extent as the oxidation of 
Z-amino-acids by cyanide and by octyl alcohol. In the minced kidney (Latapie 
mincer) proline is still oxidised if the “brei” is suspended in a small volume of 
liquid, but the oxidation ceases if more than four volumes of liquid are used for 
dilution [see also Bomheim and Bemheira, 1932]. 


VI. Conclusions. 

Three products of oxidation of proline have been found in tliis investigation : 
a-ketoglutaric acid and ammonia appear when the kidney is poisoned with 
arsenious oxide; an acid amide which reacts like glutamine is found when 
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ammonia is added. The metabolism of proline in kidney may therefore be 
formulated in the following way: 


y + NH 3 glutamine 
prolino -f -> glutamic acid < 

^ JO 2 a kctoglutaric acid 4 ammonia 

The intermediate stages between proline and glutamic acid are obscure. 
Pyrrolidonecarboxylic acid is not the intermediate, since it is not metabolised to 
a measurable extent. 

Hydroxyproline also causes the formation of an acid amide which reacts like 
glutamine. Although one might hesitate to postulate the formation of glutamine 
from hydroxyproline, sincci this would necessitate the reduction of the y- 
hydroxy -group, it is possible that this reduction is the first step in the breakdown 
of hydroxyproline, proline thus being an intermediate. Hydroxyproline is 
certainly not the intermediate in the oxidation of proline since prolino reacts 
more rapidly than hydroxyproline in resj)ect of the formation of amino-nitrogen 
and of amide-nitrogen. 

W(^ are indebted to Sir F. (b Hopkins for his kind interest and encouragement 
during the course of this work. 
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CCXLVII. KETOGENESIS-ANTIKETOGENESIS. 

I. THE INFLUENCE OF AMMONIUM CHLORIDE 
ON KETONE-BODY FORMATION IN LIVER. 

By NORMAN LOWTHER EDSON. 

From the Biochemical Laboratory^ Cambridge, 

(Received July 24th, J935.) 

Annau [1934] investigated the formation of aeetoacetic acid in chopped liver 
of the rabbit and discovered that in tlie presence of pyruvic acid ammonium 
salts caused a four- or five-fold increase in the production of aeetoacetic acid. 
Since this effect of ammonia seemed likely to be of importance in ketogenesis 
from the amino-acids and from other substances, it was decided to examine the 
phenomenon in greater detail. For this purpose the tissue slice technique was 
chosen. This method has already been used in kctogenic studies by Quastel and 
Wheatley [1933; 1934]. 

Methods. 

Animals. 

It was found that suitable animals wore young male rats (3-0 months) of 
a uniform strain bred in tlie laboratory. These animals were fed on a stock diet 
which included liberal amounts of bread and milk, and they were permittc^d as 
much food as they would take. 

Manometric procedure. 

The liver slices (20-30 mg. dry weight), immersed in 2 ml. of phosphate 
saline [Krebs, 1933], were contained in conical Warburg vessels, which were 
filled with oxygfm. The flasks were shaken for 2 hours in a thermostat at 37’6® 
and the oxygen uptake was measured in all experiments. At the end of 2 hours 
the vessels were quickly conveyed to a dish containing ice, and the slices were 
washed before being transferred to the weighing cups. 

AftcT the filter-paper absorbers had been removed from the inner cups of 
the Warburg vessels, the excess caustic alkali was soaked up with filter-paper. 
Then 0*2 ml. 2N H 2 SO 4 was delivered into each inner tnip arid the inside wall 
rubbed down with the tip of the pipette. Finally, aeetoacetic* acid was deter- 
mined by one or other of the methods described below. 

Methods of estimation of aeetoacetic acid (^’‘ketonic acidsy, 

1 . Aniline citrate method. 

Aniline, and some other primary amine.s, possess the property of accelerating 
the spontaneous decarboxylation of jS-ketonic acids, which is most rapid at p^ 4 . 
The kiiif^tics of this catalysis have been studied exhaustively by Ljunggren 
[1925]. Manometric measurement of the liberated COg affords a simple and 
convenient means of determining ^-ketonic acids. The aniline method was intro- 
duced b}^ Osterri [1933] for the determination of oxaloacetic acid, and aniline 
hydiochloride was employed by Quastel and Wheatley [1933] for aeetoacetic 
acid. A much higher concentration of catalyst may be achieved by using the 
^ These methods were worked out in collaboration with Dr H. A, Krebs. 

( 2082 ) 
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more soluble aniline citrate, and as a result it becomes possible to work with 
reasonable speed at a low temperature (25®). This has the advantage of reducing 
the spontaneous decomposition of acetoac(itic acid to very low proportions. 

Reagents, (i) 50 % citric acid solution. 

(ii) Aniline citrate. Equal volumes of aniline and 50% citric acid; the 
mixture reacts strongly acid. 

Procedure. To the fluid in the main compartment of the Warburg vessel is 
added 0*3 ml. 50% citric acid and to the side-bulb 0*4 ml. aniline citrate. 
A therm obaromoter containing 2-0 ml. of water is treated in thti same way. In 
order to equilibratt^ and to decompose such bicarbonate as may be present, the 
vessels are shaken gently for 20 min. in a thermostat at 25®. Then the contents 
of the vessels, including those of the thermobarometer, are mixed, and pressure 
readings takem every 10 min. until constan(*y is attained. The time required, 
inclusive of equilibration, is 1-1 J hours. It is necessary to charge the thermo- 
barometer with aniline citrate, because the dilution of this concentrated solution 
leads to a fall of pressure amounting to a few mm. 1 ing. acetoacetic acid gives 
220 /Ltl. CO 2 at N.T.r. 1 millmiol acetoacedic acid = 22,400 /xl. CO^. 

2. o-PhenyleuMianiitw citraie method. 

It has been shown by Beniya [1934] that o-i>henyleiiediamine is more effective 
in (l(M*omposing jS-ketouic acids (iatalytically than any other primary amine so 
far examined. Since o-pheiiylenediamine is tliree or four times as active as 
aniline at 4, the period of the determination may bo reduced to 30-40 min. 
inclusive of equilibration. 

Reagents employed, (i) 0*1 ml. o-phenylenediamine citrate in the side-bulb. 
(10 g. o-phenylenetliamin(‘ an* dissolved in 25 g. 50%) citric acid solution.) 

(ii) 0*3 ml. 50%) citric acid added to tlu* fluid in the main compartment. 

It in es-sential that ihc o-phcnylcn(*(liamiiK‘ citratt* sliould be prepared, because after 

an interv^al of 4-() weeks it acquires the property of decomposing certain a-ketonie acids, namely' 
jiyruvic and pheriylpyruvic acids, and possibly others. 'This matured reagent is a carboxy’^lase 
model resembling those described by J^angenbeck j 19.33]; it differs in that it is active in aqueous 
Holution. As it undergoes aiitoxidation, the solution becomes dark led, until eventually a 
brownish red crystalliiu' nmteriHl si'parates. rrelimmary experiments have indicateil that the 
new activity of thi’ .solution is probably clue to a mixture of o-pbenylenediamine and 2 : 3-diamino- 
phonazine whiidi is one of the products of oxidation. Fresh solutions of o-phenylenediamine 
(citrate or hydrochloride) have no action on a-ketonic acids. 

Procedure. In the main the procedure is similar to that employed in the case 
of aniline citrate, and the order of accuracy is the same, but since o-phenylene- 
diamine undergoes slow autoxidation, it becomes necessary to fill the vessels 
with nitrogen before introducing them into the 25® thermostat. Commercial 
nitrogen containing less than 1 % oxygen suffices. 

3. MicrO‘determination of acetone bodies with Deiiig^" reagent. 

Since the method of Van Slyke [1917] possesses the merit of achieving some 
degree of specificity [Peters and Van Slyke, 1932], it has been adapted to the 
micro-scale requirements of tissue slice work. Van Slyke determines the acetone 
bodies either by weighing the acetone-mercury compound, or by titrating with 
potassium iodide after conversion into mercuric chloride. In micro-analyses it 
has been found expedient to follow the principle of Van Slyke’s procedure as 
far as the separation of the acetone-mercury compound and the conversion into 
mercuric chloride, and then to titrate the mercury according to Rupp [1906; 
1907]. 
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Beagents, 20% copper sulphate; 10% calcium hydroxide suspension; 
Denig^s* reagent: (1) 50% H3SO4, (2) mercuric sulphate solution (73 g. HgO 
dissolved in 1 1. 4-N H2SO4); N HOI; 35% formaldehyde; 3% potassium iodide; 
7*5 NaOH; glacial acetic acid; O-OIN iodine; 0*01 thiosulphate; starch 
solution ; 5 % potassium dichromate. 

Apparatus, 10 ml. micro-burette ; sintered glass funnels, Jena 3 G 3 and 3 G 4 ; 
hard glass flasks (r.b.) with ground-in joints to fit condensers (20 cm., double- 
surfaced). 

(a) Determirmtion of acetoacetic acid. After removal of the slices and excess 
caustic alkali from the Warburg vessels, there is added 1*0 ml. of a copper-lime 
reagent, consisting of 0*5 ml. 20% copper sulphate and 0*5 ml. 10% calcium 
hydi’oxide suspension. This serves the double function of deproteinisation and re- 
moval of interfering carbohydrate substances. No H2SO4 is placed in the inner cup. 

The fluid is transferred to a 25 ml. Erlenmeyer flask, after which the Warburg 
vessel is rinsed twice with 5-0 ml. portions of distilled water. The vessel contents 
and washings are made up to a total volume of 15*0 ml. and allowed to stand 
for 20 min. before filtering. 

After filtration 12*5 ml. of the clear fluid are pipettcnl into a round- bottomed 
hard glass flask provided with a ground joint for the condens(ir. Deniges’ 
reagent, consisting of 1*0 ml. 50% H2SO4 and 3*5 ml. merouric sulphate solution, 
is then added, and the mixture boiled gently for 30 min. under an eflicient reflux. 

The acetone-mercury compound is filten^d with suction on a sintered glass 
funnel (Jena 3 G 4), and washed with 12*5 ml. of distilled water, two 5’() ml. 
portions of which are used for rinsing the flask. The filtrate (F^^) is used for the 
determination of ^-hydroxy butyric acid. 

The precipitate is dissolved on the funnel in 5*0 ml. of warm N HCl, or in 
such an additional measured volume as may be necessary, and the mercuric 
chloride solution sucked into the filter-flask. The filter is washed thoroughly 
with distilled water. To the mercuric chloride solution so obtained are added 
in succession 0*5 ml. 35 % formaldehyde, 5*0 ml. 3 % K1 and 1 *0 ml. 7*5xY NaOH 
(1*0 ml. NaOH must be added for every 5*0 ml, N HC-l used in dissolving 
the precipitate). The solution is permitted to stand for at least 2 min., it is 
agitated, and then are added in order 0*5 ml , glacial acetic acid (0*5 ml. for 
each ml. of caustic alkali) and 10*0 ml. 0*01 A' iodine solution. The total volume 
of fluid is about 30 ml. An additional 10*0 ml. of iodine may prov(* necessary. 
Jt is important that the fluid should smell strongly of acetic acid after acidifi- 
cation. Finally, the excess iodine is titrated with 0*01 A thiosulphate. The blank 
for the reagents is about 0* 1-0*2 ml. of thiosulphate. 

Taking the alicpiot into account, 1*0 ml. 0*01 N iodine = 0*138 mg. acetoacetic 
acid = 30*2 jid. COg. 

(b) Determinaiio7i of ^-hydroxybutyric acid. The filtrate, F^, from (a) is re- 
turned to the boiling flask and heated to boiling. 1 *0 ml. 5 % potassi urn dichromate 
is added through the top of the condenser, after which the boiling is continued 
gently for 90 min. Care is needed in order to avoid bumping. The acetone- 
mercury compound is filtered on a sintered glass funnel (Jena 3 G 3), without 
suction and while the fluid is still warm. The flask is rinsed thoroughly with 
distilled water, and the washings run through the funnel until the filtrate is 
free from dichromate. The precipitate is dissolved in 5*0 ml. of warm N HCl, 
but as there is a tendency for grains of the precipitate to adhere to the boUing 
flask, it is advisable to rinse the flask with the acid, which is subsequently 
poured on the filtc*r. The funnel is washed thoroughly with distilled water, and 
the mercury in filtrate and washings estimated by titration as before. 
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Taking the original aliquot into account, 1-0 ml. O-OIN iodine = 0*185 mg. 
j8-hydroxybutyric acid = 39*9/xl. COg. 

This method has been used as a check on the manometric determinations, 
and it has also provided a serviceable means of estimating j3-hydroxybutyric 
acid. The reagents used in the first part of the procedure — the formation of the 
acetone -mercury compound — are those of Van Slyke, and they are employed 
in the same concentrations, although the actual quantities are much smaller. 
Since the reagents are employed in proportions identical with those of the 
original method, \’’an Slykc^’s (empirical factors are applicable. 

Kup})’s method was originally designed for titration of large quantities of 
mercury. The reagents have been uscmI in Rupp’s proportions, but the actual 
amounts are thoH(^ required for micro-determinations. 

The validity of tin' nudhod was tested on solutions containing (1) jS-hydroxy- 
butyric acid, and (2) mercuric chloride in (‘omientrations corresponding to the 
order of acetone-borl y formation ('xpected in tissue slice w'ork. The results are 
given in Tables I and JT. 


Tabl(‘ T. Estimation of ^-hijdroxijbutyric and acetoacetic acids. 


Amount of aoid in 

Titration. 001 xY 
iodine used in 
rfxidation of 

Amount 


Holution 

meicury 

found 


mg. 

ml. 

mg. 

“o recovered 

/-j9-Hydro\y butyric acid : 

1 -(>4 (.sodium .salt ) 

0‘7l 

1 04 

imi-o 

(>•50 (calcium-zinc salt) 

:i34 

0 52 

104-0 

0-20 

1-21 

0J9 

95-0 

015 

0 94 

015 

KHK) 

O'JO 

0 72 

Oil 

IlOO 

005 

tt:i2 

0-05 

lOO-O 

1-0 ml. 0-01 .V 

I -0154 mg. hydroxy butyric, acid. 


Acotoa(jt?iic arid : 

1*02 (soil mm salt) 

940 

M)9 

It >6-9 


10 ml. 0-01 .V 1 -0*11 ”> mir. at*etoacoti(j aoid. 

0-1 rtOfliuin acetoacetate was prepared by the method of Ljuuggren [ 1024]. 

Tlie figures tend to btj too high, but are within the limits of accuracy 
( ± 19%) of the \a,n Slyke method. 


Ta ble II . Esf imdion of mercuric chlori de . 



Titration. 0-0 1 X I 



Amount of mercuric 

used in oxidation 



chloride ( recrystaUised) 

of mercury 

Amount 


in solution 

1 ml. - 1-357 mg. HgCb 

found 


mg. 

ml. 

mg. 

% recovered 

10-22 

7-34 

9-96 

97-5 

7-67 

5-50 

7-46 

97-3 

5-11 

3-68 

4-99 

97-7 

2-56 

1-81 

2-46 

96-1 

2-04 

1-43 

1-94 

95-1 

1-53 

1-09 

148 

96-7 

1-02 

0-73 

0-99 

97-1 


The recovery values are consistently low, whereas those for j8-hydi'oxybutyric 
acid tend to be high when Van Slyke's factor is employed (1 mol. ^-hydroxy- 
butyric acid yields 0*75 mol. acetone). This was not due to the trace of dichro- 
mate adhering to the mercury-acetone compound, because a much larger 
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quantity of dichromate ( 0*1 ml. 5 % solution) added to the mercuric chloride 
solution did not influence the result, dichromate being reduced in the first step 
of Rupp’s procedure. 

These flgtires show that it is permissible to utilise the principles of Van 
Slyke’s and of Rupp’s methods without modification in devising a technique 
for the micro-determination of ketone-bodies. The accuracy attained is con- 
sistent with the requii ements of tissue slice work. 

Specificity of the analytical methods. The aniline and o-phenylenediamine 
citrate methods are specific for /:?-ketonic acids, but do not distinguish between 
acetoacetic acid and its higher homologues. Van Slyke's method is less specific 
for j3-ketonic acids [cf. Peters and Van Slyke, 1932]. 

Units. The tissue mt'tabolisra is expressed by means of the following quotients : 
=/xL oxygen uptake per mg. dry weight of tissue pcT hour. 

Ca.w CO 2 acetoacetic acid (or j 8 -ketonic acid) formed per mg. dry 

weight of tissue per hour. 

1 millimol /3-ketonic acid=l njillimol COo. 

= (-'Oa /3-hyclroxybiityrip acid fonned per mg. dry weight 

of tissue per hour. 

1 millimol ^-hydroxybut^ic acid = l millimol (XX. 

Experimental. 

The hetogenic action of ammonium chloride in the absence of added substrate. 

The acetoacetic acid production of liver slices from young, well nourished 
rats is always increased two- to four- fold by an initial coiu;entration of ()‘04 J/ 
NH 4 CI, and generally there is a concomitant depression of respiratory activity. 
In older animals (12-24 months) the inhibition of res])iration is not such a 
constant jjhcnomenon, nor is the ketogenesis of sudi a high order, although it 
always occurs. These observations are illustrated in Tabic 111. 

Table III. Ketogenesis in the absence of added substrate, 

Kt'spiralion aud acetoacetic acid formation in rat liver hIiccs surviving in phosphate saline 
containing ammonium chloride. 


W ithout ammonium W'ith ammonium 
chlornlc chloride, 0-04 .1/ 


No. 

Qo., 

Qm.u 

Vo, 

Vaipp 

Method 

Young rats (1) 

■ 12-0 

0-29 

~ 8*6 

0-85 

Aniline citrate 

months (2) 

- 1.3-9 

o-4ri 

-no 

1-02 


(3) 

- 10-7 

0-3.7 

- 9-7 

0-71 


(4) 

-IM 

0-23 

- 9-8 

0-64 

o-Phenylencdiam?ne citrate 

(5) 

- i:i-8 

0'76 

- 10*8 

1-40 


(«) 

-13-1 

0-59 

9<» 

1-38 

V an Nlyke (modified) 

Older rats (1) 

- 9-4 

0-42 

-10-4 

0-61 

iWiilme citrate 

12-24 months (2) 

~ 8-5 

0-30 

- 9*1 

0-87 


(3) 

- 9-4 

016 

- 8-5 

0*52 


( 1 ) 

- 100 

0-36 

- 10-2 

0-72 

- 

The three methods give results which are in good 

agreement. In a series of 


30 observations the average for the controls was 0*38 (lowest 0-16 and 
highest 0-95), and with ammonium chloride 0-85 (limits, 0*47-l-40). 

To some extent the magnitude of the ketogenesis is dependent on the con- 
centration of ammonium chloride. Under the conditions employed a maximum 
effect is obtained with a concentration of approximately 0-05 Jf. Since the liver 
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removes ammonia rapidly — as much as 10/^1. per mg. per hour [Krebs and 
Henseleit, 1932]^ — it is not surprising that ammonium chloride is effective only 
in high concentrations. 

Table IV. Ivjlupnce of concentration on ketogenesis 

in rat liver diccfi. 

Young male rat, well nouriHbed. Phosphate saline, 7*4. No suhistrale added. 


Initial concentration of 
ammonium chlorifle 

M 

Q \CSif 

0*00 

0*16 

0 -UUl 

0*30 

U*0()5 

0*32 

uou 

0*43 

U*()4 

0*95 

0 * 2 U 



Quite different is the response* to ammonium chloride of liver slices from a 
rat which has been starved for 24 hours. The liver slices of a starved rat form 
large amounts of ketone-bodies (Ta])le V(r/)), but with such slices the ketogcnic 
property of ammonium chloride is never st'cn in the absence of an added sub- 
strate; both r<‘spiratioii and acetoacetic acid production are partly inhibited 
(Table V (/>)). Since the urea-forming capacity of the starved liver is Ixdow 
normal [Krebs and Hensci(‘it, 19321. it is })ossible that the intracellular concen- 
tration of ammonia reaches and maintains a poisonous level. 


Table Ketogenesis in tlu ahfience of added substrate in the liver 
of the starved rat. 

Anumls starved 24 hours. 


(a) Representative values of ketogene sis without addition of ammonia. 


No substrate 


Pat 

<^o, 

Qacm 

(M 

KM) 

IS2 

(-') 

12*1 

1 K2 

{«b 

93 

1 98 

{^) 

- 10*5 

1*41 

('>) 

lUo 

M3 

(«) 

- U1 

1*98 

(") 

- 9*0 

1*60 


(6) Effect of ammonium chloride in differed concentrations. 

In presence of NH 4 CI 


Control 

without NH 4 CI 

( bneentratjon 



^ 

.-•w 

of NU 4 CI 



Qo, 

QA<ac 

M 

Oo, 

Qxem . 

- 8*0 

1*65 

0-002 

- 8*3 

1-43 

- 10*6 

1*96 

0*005 

- 9*3 

1*44 

~ 100 

1*82 

0*(K)5 

- 7*6 

1*06 

~ 10*7 

2-43 

0*01 

- 10*7 

213 

-121 

2*44 

0-04 

- 7*6 

1*74 


The ketogemc property of ammonium chloride is not restricted to a phos- 
phate aalitift mediiim. It occurs equally well in bicarbonate Ringer solution, 
where the respiration, as measured by the two-vessel method of Warburg, is 
normal or only slightly depressed. The respiration of liver slices always diminishes 
somewhat after one hour in phosphate saline, but when the medium contains 
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ammonium chloride the oxygon consumption falls off rapidly, until afU^r 2 hours 
it is only two-thirds or even one-half of its initial value; whereas in bicarbonate 
Ringer solution there is a steadier respiration rate (Table VI). 


Table VI. Respiration and ketogenesis in the bicarbonate Ringer solution of 



Krebs and Henseleit [19321. 

With NH 4 CI of initial 


Control 

coneentration, 0-04 M 



^i^Acac. 


Average over 2 hours 

-IM 

0*5.3 

-121 M7 

First 30 min. 

-121 — 

- KM 


Ketogenesis in the presence of different substrates, 

A. Fatty acids. The sodium salts of the fatty acids w(‘ro investigatc^d with 
liver slices from well nourished rats and from animals which had been starved 
for 24 hours. The results of typical experiments are giv(‘n in Table* \TI. 

The table shows the following facts with regard to the well fed animal : 

(1) All fatty acids, except formic and propionic, considerably increase aceto- 
acetic (j3-ketonic) acid production in the liver, the even -number fatty acids causing 
a greater increment than the odd-number acids (about thr(*e times as much). 
The results with the odd-number acids cannot be attributt*(l to impurity, because* 
the homogeneity of the specimens was tested by reerystallisation of the Ca salts. 

(2) n-Hexanoic and ?^-octanoic acids yi(‘ld ketonic acid at higher rates than 
butyric acid. This perhaps may be explained by assuming that the jS-ketonic 
acid which is formed is not aeetoacetic, but a higher homologue. 

(3) Ammonium chloride inen^ases the formation of aeetoacetic (/3-ketonic) 
acid from all fatty acids that yield ketone bodies. In the ca8(*. of acetic acid a 
condensation to aeetoacetic occurs, whereas with the* other fatty acids tlu* 
ketone-body arises by oxidation. Ammonia exercises its (*ffect on both types 
of redaction. 

In the starved rat the absolute figures for ketog(*n(‘sis arc higher, but 
ammonium chloride has no appreciabki effect in most cases. 

When the whole table is surveyed, it can be seen that tlu* (‘ffect of ammonium 
chloride is to alter the metabolism of the well nourished livtT in such a way 
that it approximates to the metabolism of the starving organ. 

Note, ft shouUl be emphasised that the analytical methods used m tliis work do not dis- 
tinguish between aoetoa<*t*tic and other j 8 -ketonic acids. No methods truly s|)<‘( ihe for aeetoacetic 
acid are yet available. In the commentary the term ''aeetoacetic arid” has l)e(‘n used in a<- 
cordanee with custom, whereas “j9-keioni<’ acids” w^onJd be the more correct designation to 
apply to the products of oxidation of the highiT fatty acids. 

B. Pyruvic^ lactic and acetic acids. The sodium salts of thc^sc acids were 
added to liver slices, and the results compared in the same way (Table VIII). 

The influence of ammonia concentration on ketogcuicsis in the glycogen-poor 
liver has also been investigated in the presence of pyruvate and acetate (Table IX). 

In the glycogen-rich liver the small ketogenic action of pyruvate was found 
to be materially increased by ammonia, whilst lactate, which is not ketogenic, 
was indifferent towards ammonia. In the starved liver, however, both acids were 
antiketogenic; despite this, pyruvate became ketogenic in the presence of 
ammonia. With acetate and reduced nearly 50% by concentra- 

tions of ammonium chloride varying from 0-04 to 0-0025 Jlf, but when pyruvic 
acid is the substi'ate, the respiration is not depressed and the aeetoacetic acid 
formation increases with concentration of ammonia. 
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Table VII. 


(a) Ketogenesis in liver slices from well nourished, rats. 


Initial 

conecin trail 1 1 n 

Without NH^Cl 

With NH4CI, 

0*04 JX 

Acid 

^<^02 Qke.Ac 

( 1 ) iSaturated monoearboxvlie acids. 


^A< itc 

Fonnin 

001 

-14-7 

0-27 

- 10-5 

0-87 

Control (no substrate) 


-13-6 

0-3"/ 

- 10-5 

0-78 

Acetic 

002 

13 9 

0-85 

> 0-9 

2-89 

Control 


- 10-1 

0-33 

~ 8-6 

1*03 

Propionic 

0-01 

-12-2 

0-68 

^ 8-8 

0-84 

Control 


11-6 

0-41 

- 9-3 

0-88 

n- Butyric 

0-02 

13 4 

1-68 

- 9-3 

2-33 

Cont rol 


- 9-4 

0-23 

- 0-2 

0-65 

rt- Valeric 

001 

-13-7 

0-88 

- 10-5 

2-44 

Control 


ll-O 

0-41 

- 0-3 

0-88 

/,»ovaleric 

<H»2 

-11-7 

1-46 

- 05 

2-72 

Contriil 


- 0-4 

0-23 

- 0-2 

0-65 

w-Hcxanoic 

0-01 

-11-8 

3-53 

-11-2 

5-04 

Control 


lO-l 

0-27 

- 8-5 

0-75 

w-Hcptanoic 

o-oi 

12-5 

i-44 

- 0*2 

2-75 

Control 


lO-l 

0-33 

- 8-6 

1-03 

w-Octanoic 

0‘(M)r> 

- 12-5 

3-04 

- JO-9 

4-55 

(•ontrol 


11-2 

0-40 

- 10-5 

0-78 

rt«]>Jonanoic 

0-0025 

14-3 

1-31 

- 10-5 

2*36 

Control 


- 11-6 

0-41 

- 9-3 

0-88 

w-l>ccanoic 

O-OtJo 

-13 0 

2-23 

- 10-0 

3*21 

Cont rol 


1 0-1 

0-27 

- 8-5 

0-75 

w-Dodccanoic 

(t(X)25 

- H5-2 

1-60 

-13-4 

3-17 

Control 


12-1 

0-27 

- 10-1 

0*75 

«-Vctradecanoi(* 

0-0025 

- 13-2 

0-77 

- 10-6 

1-20 

Control 

{ 

12 1 0-27 

|2) I'liHiil.iinitetl monooarboxylio aoicls. 


0-75 

Crotunu* 

t»01 

-14-0 

3-56 

- O-i 

4-64 

Control 


- 130 

0-40 

10-5 

0-78 

Undecyleiiii; 

0(Xj25 

11-5 

1-46 

5-7 toxic 

0-12 

Control 


-11-7 

0-36 

- 9-6 

0-55 

Olcic 

0-(K)2o 

- 14-0 

1-03 

- 9-9 

1-30 

Control 


- 13-3 

0-82 

-11-6 

1*02 

(6) Ketoge 

nejiifi in liver slices of rats starved 24 hours. 


Acetic 

0-01 

13-3 

4-07 

~ 9-7 

3*50 

Control 


- 10-4 

1-37 

— 

— 

Acetic 

001 

- 10-0 

2-84 

- 9-0 

2-66 

Control 


- 0 7 

1-65 

— 

— 

w -Butyric 

0-01 

- 12-8 

3-35 

- 9-5 

3-30 

Control 


- lO-o 

1-43 

— 

— 

« -Butyric 

0-01 

-J5-4 

4-88 

- 14-3 

4-84 

Control 


-11-3 

1-04 

— 

— 

?i-Hexanoic 

O-Ol 

-13-8 

4-04 

- 12*5 

6-28 

Control 


-IM 

1-21 

— 

— 

7i-Heptanoic 

O-OJ 

- 0-7 

1-19 

- 9-8 

1*71 

Control 


-10-4 

1-37 

— 

— 

«-Heptanoic 

0-01 

- 15-5 

2-41 

- 9*0 

2*63 

Control 


-111 

1-21 

— 

— 

ti-Octanoic 

0-01 

-120 

3-53 

- 11*2 

3*87 

Control 


-10*4 

1-37 

— 

— 

w-Nonanoic 

0-005 

- 8-7 

2-43 

- 8-9 

2-(V4 

Control 


-10-4 

1*37 

— 

— 
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Table VIII. 

Initial Without NH^Cl With 0 ()4 M 

concentration , ^ . 

Q02 Qachc. Voo Qacm- 


(a) Lactate and pyruvate in the well nourished liver. 


No substrate 

— 

~ 9-3 

0-22 

~ 9-2 

077 

Lactate 

001 

~ 130 

0-23 

~ll-2 

M9 

Pyruvate 

0-01 

-12(i 

0-44 

- 12-4 

1-96 

(h) 

Lactate and pyruvate in the liv 

er of the starved rat. 


No substrate 

— 

-- 9-7 

i-6r> 


— 

Lactate 

0-01 

-14-5 

0-.S6 

-iJ-3 

0*88 

Pyruvate 

0-01 

- 12*3 

0-86 

- 14*0 

1*80 


Table IX. Inflv^Mce of ammonia on aceiooA^elic acid formation from 
'pyruvate and acetate in the liver of the starved rat. 




Without NH,CJ 

With NHAI 

NH4CI con- 




\ 

f — - 

' 

centration 

Kxp. 


Q 02 

Qkc.. 

Qtu 


M 

1 

No substrate 

-IM 

1-21 



— 


Acetate, 0-01 Ji 

^15-4 

4-14 

— 7-4 

2-54 

0-04 


Acetate + glucose, 0-01 M 

— 

— 

- 9-4 

2-30 

0-04 


Pyruvate, 0 01 M 

-16*6 

0-78 

- 13-4 

2-55 

0*04 

2 

No substrate 

-11-2 

1-26 

— 

... 



Pyruvate, 0*01 M 

— 

— 

- 15-7 

1-07 

0-025 



— 


- U) 0 

1-17 

O-Ol 



— 

— 

-10-4 

1-08 

0-005 



- 1«(1 

0-78 

— 

— 

— 


Acetate, 0*01 M 

— 

— 

- 8-2 

2 35 

0-01 



— 


- 9-1 

2-55 

0-005 



— 

— 

- 84 

2-17 

0-0025 



-15-4 

4-14 

- 

— 

— 

3 

No substrate 

-11-6 

2-17 

— 

— 

— 


Pyruvate, 0 01 M 

-140 

1-01 

-17-0 

1-52 

0-(K»5 


n 

— 

— 

-~]6-8 

2-29 

0-04 


Inhibition of the ammonium chloride effect. 

Many substances which are usually regarded as antiketogenic were added 
to the slices in an attempt to inliibit the action of ammonium chloride, but of 

Table X. Inhibition of the ammonium chloride effect. 

Well nourished rats. 


Without Nil, Cl With NH,C1, 0-04 M 

, A ^ ^ . ^ 


Exp. 

Substance 

^02 

O^Aiac 

Q 02 

4^Ai]ikC. 

1 

Nil 

-11-9 

0-50 

- 10-2 

1-28 


Glucose, 0-02 M 

— 

— 

- 13-4 

1-17 


Glucose, 0-0 M 

— 

— 

- 8-5 

1-13 


Fructose, 0-02 M 

— 

— 

- 9-1 

1*33 


Mannose, 0-023/ 

— 

— 

-13-1 

1-49 


Galactose, 0-02 M 

— 

— 

- 9-6 

1-28 


Glycogen, 0-1 ml. 6% 

— 

— 

-100 

1-25 


Citrate, 0-02 ^f 

— 

— 

-10-5 

1-40 


Ethyl alcohol, 0-02 M 

— 

„ 

- 9-4 

1-48 


Glycerol, 0*02 M 

— 

— 

-11-8 

0-90 


Glycerol, 0-01 M 

— 

— 

-11*4 

0-87 

2 

Nil 

-11-9 

0*10 

- 9-2 

0-77 


Sodium a-glyoerophosphate, 0-01 M 

-12-4 

0-32 

- 9-3 

MO 


Sodium j5-glyceropho8phate, 0*01 M 

— 

— 

-►10-7 

0-78 

3 

Nil 

-12-1 

0-43 

- 9-4 

1-01 


Bihydroxyaoetone, 0*01 M 

-13-8 

M9 

-11-6 

M5 


Glycerol, 0*01 M 

-12-4 

0-17 

-11-9 

0*71 
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these only one — ^glycerol — ^proved efficacious. It had })een observed previously 
that glycerol inhibited acetoacetic acid formation in starved liver slices to 
the extent of 80%. Monosaccharides, glycogen and ethyl alcohol failed to 
antagonise ammonia, whilst dilij^lroxyacetone and a-glycerophosphate wore 
ketogenic in themselves without addition of ammonium chloride. Here the 
possible intermediary is pyruvic acid. The details are shown in Table X. 


Interrelation of area synthesis and acetoacetic acid formation. 

Since a rcdation was possibk^ b<;tw(^en urea synthesis and ketogenesis, the 
formation of ketone-bodies was studied undei* conditions in which the rate of 
urea synthesis was artificially raised by ornithine, with and without further 
addition of lactate. The ammonium chloride ketogenesis was diminished when 
the rate of urea synthesis w'as increase h 1. The diminution may be caused by 
removal of ammonia (Table XI). 


Table XI, Urea synthesis atul acetoacetic acid formation 
in the liver of a well fexi rat. 


Qo. 



(a) With ornithine alone. 

Ammoimini chloride, 
Control 0 Ul .1/ 


Ammonium chloride, 
004 3/ 

+ ornithine, 0*02 3/ 


- 11*2 - 11-8 
0 2r> 0'7() 

0-38 J-92 


- 12*2 

0-50 

2-61 


(6) With ornithine and lactate. 


Control 

- 11-2 
o-2r> 
0 38 


Lactate, 0-01 3/ 
-14-7 

o:r) 

0 30 


J..actate, 0 01 3/ 
XH4CI. 0 04 M 

-13-4 

1-26 

2*14 


Lactate, 0*01 3/ 
NH4CI, 0-04 3/ 
ornithine, 0-02 3/ 

- 13-4 
0-61 
5-04 


Sate. Urea i'^ determined manoraotricallv hy the method of Krebs and Henseleit [1932J, 
after the estimation of acetoacetic aiid with n-phenylenodiamine citrate. 01 ml. methyl red and 
0-3 ml. 2 A NaOli are ailded to the mixed fluids m the Warbur^i vessel. The colour of the indicator 
18 oran^je and the about 5*0. Urea may then be determined in the usual way, acetate buffer 
being omitted, but the vessels must be filled \^’ith nitrogen to obviate an error due to autoxidation 
of o-pheiiylenediamine, which absorbs ox>gen more rapidly in the presence of urease solution. 


Additional experimeMis relating to the cause of ammonium 
chloride ketogenesis — the keto-hydroxy ratio. 

It seemed possible that the point of action of ammonium chloride might be 
upon the keto-hydroxy-acid ratio. In this connection the effect of ammonia 
was examined in the presence of butyrate (Table XII). 

Table XII. Ketone-body formation in the presence of butijrate and ammonia. 



Control 

No substrate 
0*043/ NH,C1 

Sodium butyrate, 0*01 M 

/ ^ 

iUone 004 3fNH4Cl 

QaL 

-13*0 

-9*5 

-16*9 

-14*0 

0*59 

1*38 

2*85 

3-95 

^jS'Uydruxybutyrlp acid 

M4 

0*54 

2-57 

2*03 


It appeared that ammonium chloride had moved the ratio slightly in favour 
of the ketonic add. The experiments of Table XIII were performed to see if 
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Table XIII. Effect of adding acetoacetic and ^-hydroxybutyric acids. 



Control 

NH4ri, 
0-04 Jf. 
No sub- 
strate 

Sodium 

aceto- 

aeotate 

alone 

Hodium 
aceto - 
acetate 
-f-0-04 J/ 

mj,vi 

Sodium jS- 
liydroxy- 
butyrate 
alone 

Sodium P- 
hydroxy- 
butyrate 
+0-04 if, 
NH 4 CI 


-10-7 

-9-3 

-121 

- 10-8 

-13-4 

-11-5 

Initial amount of aceto- 

Nil 

Nil 

239 pi. 

239 pi. 

Nil 

Nil 

acetate (added) 

Final amount found 

27 pi. 

4b pi. 


200 pi. 

183 pi. 

179 pi. 

Initial amount of l-B- 

Nil 

Nil 

Nil 

Nd 

224 pi. 

224 pi. 

hydroxy butyrate (added) 

Final amount found 

19 pi. 

12 pl. 

123 pi. 

52 pi. 

95 pi. 

105 pi. 

Vac{U‘ 

■Korn 

4 1*03 

-101 

- 0-83 

+ 4*72 

+ 5 * 2:1 

^/J'H>rtro\>but)rU' ju’hI 

+o:m 

f 0-27 

+ 200 

■i M9 

-3'36 

-3*47 

All cpiantitieH of ketone-bodies are f(ivon 

in pi. COj 




ammonium chloride influenced the reduction of acetoacetii; acid and the oxida- 
tion of j8-hydroxybutyric acid added to sli(‘es. 

In the first place these expeiiments show an inter con version of the keto- 
and hydroxy-acids. Secondly they indicate' that ammonium chloride has no 
significant effect on the reduction of acetoacetic acid or on tJie oxidation of 
^-hydroxybutyric acid. 

Effect of ammon Inin chloriih on tissne respiration. 

When liver slices are permitted to survive in phosphate saline containing 
glucose and ammonium chloride, ihOlM, thc'ir behaviour presents a contrast 
to that of slices from other organs. Under the same (conditions thc^ respiration 
of brain and spleen is unaffbeted, that of kidney is increasf*d and with k^stis 
and striped mus(*le there is little diminution of oxygen uptake ; but the rt'spi- 
ratory activity of liver slices frecjuently df'crcases by 20 or more. These oflbc’ts 
are illustrated in Table XIV. 

Table XIV. Eespiration of rat tisme slices In phosphate saline containing 
0'014M glucose and O'OIM ammonium chloride, 

Hospiration 


Tissuf' 

Glutjose 

GIuc(>s(5 -h NH 4 CI 
Q 02 

Liver 

-131 

-101 


-120 

- 8-6 

,, 

- 11-3 

- 10-7 


- 10-4 

- 9-5 

,, 

^ 12-6 

-104 


11-4 

- 9-2 

Spleen 

- 1 M» 

- 11-2 

Brain 

-14-5 

-150 

lliaphragm 

Testis 

- 5-5 

- 4*7 

- 9-2 

- 8-3 

Kidney 

- 22-6 

-320 


The respiration of the kidney was examined in the presence of other sub- 
strates (Table XV). In several instances there was an increase. 

When the fate of ammonia was investigated, it was found that practically 
the whole of it was recoverable after the oxidation of glucose, showing that in 
this particular case ammonia increases respiration without being metabolised. 
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Table XV . Mesplration of rat kidney slices in the presence of 
anunonium chloride and of different substrates. 


Substrate 

Without 

NH 4 CI 

Q02 

With 

xn 4 Ci 

Qo, 

Initial 

conoentration 
of NH 4 CI 

M 

Nil 

- 19*3 

-14*4 

0*008 

Gliicoae, 0*014 J/ 

-27*8 

31*4 

0*008 

iSodium acetoapftate, 0*fH>,5 J/ 

-24*8 

- ir>*o 

0 *(X )8 

Nil 

-HHl 

-14*2 

0*008 

Glucosp, 0*014 M 

~ 2 I *2 

-27*4 

0*04 


— 

- 24*8 

0*01 


-- 

-24*6 

0*(K)5 

(llycprol, 0*01 . 1 / 

— 

- 23*3 

0*002 

- 21*7 

25*9 

0*008 

FruptuHP, 0*014 Ji 

-220 

2.5*2 

0*(X)8 

Maniiosp. 0*014 4/ 

- 18*2 

- 26*3 

(M)08 

(bilaptose, 0*014 M 

- 1.3*8 

- 16*4 

0*008 

Glyco^'on, 0*1 ml. (U‘o 

-19*4 

- 19*7 

0*008 

l*yruvate, 0*01 . 1 / 

- 26*8 

-29*3 

0 *(M)S 

LactaU*. 0*01 M 

-30-9 

-47*0 

0*04 


of aniMioiiia uii respiration liav'o bei^n reportiMl jm'viously. Warburg 
[191 IJ found that eoueentratiouK of fn^e ammonia amoviiitmg to J//300-3//1000 
mereas(‘d th(,‘ oxyg(‘n uptake of bird's erythroiytes surviving in S(*rurn or in 
saline; and Krebs [1932J has observed that the oxygen consumption of kidney 
slices to which ketonic acids have been added is increased by ammonium 
chloride. 

K( ton* -body formation in organs other than liver. 

Quastel and Wlieatley [1033J found no aeotoacetic acid production in slices 
of brain and kidney. This has been confirmed, and the observations have btien 
extended to s[)leen, testis and diaphragm. None of these organs forms measur- 
able amounts of acetoacetic acid either in presemei' or in absence of ammonium 
chloride. 

Discussion. 

The results of this work agree with Embden’s perfusion ex])eriments on 
fatty acid oxidation. It is (^lear from Embden's data [1906] that the ketogenic 
action of ammonia oceuri’ed in his experiments. When h(' neutralised a fatty 
acid with ammonia, he often obtained a gn^ater production of acetoacetic acid 
than when he emfiloyed the sodium salt. Ernbden, however, drew no attention 
to the phenomenon. 

Annau [1934] held the ojiinion that ammonium chloride extTcised a ketogenic 
influence only on pyruvic acid. This is confirmed for the starved liver. In the 
well nourished liver the eft’ect is observed not merely with jiyruvic acid but 
with all the fatty acids, except formic and pro]fionic, acetic showing the greatest 
increase. 

Summary. 

1 . Micro-methods for the determination of j8-ketonic acids and of j8-hydroxy- 
butyric acid arc described. These are suitable for tissue slice work. 

2. Annan’s discovery that ammonium chloride increases the production of 
acetoacetic acid from pyruvic acid in liver has been confirmed. 

3. In the absence of substrate ammonium chloride increases the production 
of acetoacetic acid in the well nourished liver but has no effect on starved liver, 

Biochem. m35 xxix 133 
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where the rate of formation is already high. Ammonium chloride reduces the 
difference between the ketogenesis of the well nourished and of the starved liver. 

4. The fatty acids, both those with an even number of carbon atoms and 
those with an odd number, giv<‘ rise to j8-ketonic acids during oxidation in liver 
slices. The even-numbered series yield about three times as much as the uneven 
scries. 

5. Ammonium chloride accelerates the formation of j8-ketonic acids from 
most fatty acids in well nourished liver. 

6. The effect of ammonia is inhibited by glycerol. 

In conclusion I wish to acknowledge my great ijidcbb'diiess to Dr H. A. 
Krebs, who suggested this investigation, and constantly gave his valued advice 
and criticism. 
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CCXLVIII. THE EFFECT OF PARATHYROID 
HORMONE AND OF TUBERCULOSIS ON 
THE SERUM AND TISSUE CALCIUM 
OF GUINEA-PIGS 

By (5E0FFRY CHALLEN LINDER. 

From ih lJp 2 )artmmt of Pathology, University of Capetown. 

(IhceAved July 22nd, 1935.) 

Episodes in the treatment of human tetany led Linder et al. [193(>~31] to the 
eonclusion that infection plays a large part in the success or failure of para- 
thyroid extracts in raising the scrum calcium and relieving the symptoms. 
Wluui irdection was pr(^scnt these extracts faih^d, and a similar effect of infection 
on th(» action of insulin is well established [Graham, 1924-25J. The experiments 
reported here were undertakim to study this and to investigate the cffec*t of the 
parathyroid hormone on the distribution of calcium in the ])one, brain and liver 
of normal guinea-pigs and of guinea-pigs infected with tubercle bacilli. An 
expcTimeiital clinical investigation was begun at the same time; the results 
sliowed that the nature of th(‘ infection was most important in influencing the 
response to injections of jiarathyroid hormone, typhoid fever decreasing it but 
pulmonary tulx'rculosis in its active stages iiKTeasing it [Linder, 1935J. 


Experimental. 

Young guinea-pigs weighing 150-200 g. were used. They w^ere fed on bran, 
pollard and th(‘ outer leaves of (‘abbage. Four groups w^ere studied; a control 
group, a group given injections of “Parathormone” (EliLilly and Co.), a group 
infected with tubercle bacilli by injection of a culture into the groin and a 
group similarly infec^ted and treated with })arathormone a month later when 
th(' infection was gc^neralised. The dosage^ was 15 units the first day, 25 the 
second, 35 the third, 50 th(‘ fourth and the animal w^as killed the fifth day. The 
animals wttc not fed that morning and were killed by cutting the throat. The 
carotid blood w^as collected and the serum used for calcium determination. The 
humeri were removed, one being used for histologj" and the other being cut in 
two longitudinally, digestc'd in pancreatic ('xtract and 2% sodium carbonate 
to remove the marrow and bleached in dilute alkaline hydrogen peroxide. 
Absorption of the finer trabeculae w^as studied with a hand lens and graded by 
independent observers. 

The livers of the parathormone-treated animals sometimes contained small 
pale areas which were removed for section ; the cells showed degenerative changes 
but only in one instance was there histological evidence of calcification, and the 
calcium content of the remainder of this liver was not ex(‘eptional. The liver 
and brain, which were already drained of blood were weighed, mashed with a 
sharp knife, dried in an oven and ashed in small silica basins; the ashing w’^as 
commenced over a low gas flame so that verj^ little smoking occurred and w^as 
completed in an electric fiimace at a dull red heat which was maintained for 
about 10 min. The ash contained a small amount of carbon. It was extracted 
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with about 2 ml. 50% hydrochloric acid on a water-bath for 15 min.; the acid 
was transferred to a graduated centrifuge-tube and the extraction was repeated 
with successive portions of dilute acid uiitil the centrifuge-tubes contained 6 ml, 
in the case of the brains and 9 ml. in that of the livers. The contents of the 
tubes were mixed by inversion and the traces of carbon removed by centrifuging. 
5 ml. of the brain extract and two 4 ml, samples of the liver (extract were trans- 
ferred to centrifuge-tubes for calcium determination. 1 ml. of saturated am- 
monium oxalate was added and then ammonia until the mixture was alkaline 
to methyl red; it was then reacidified with acetic acid and any phosphate 
])rceipitate redissolved. The tubes were capp('d and plac(^d in boiling water until 
a definite cloud of calcium oxalate was seen. After standing for 24 hours the 
analysis was (jompletcd by the technique of Clark and Collij) [1925]. 

Remits, 

The results of the individual observations are giv(‘n in Fig. 1 , in which the 
mean value for each category is indicated by a horizontal line. These means of 
small samples have been compa-rc'd by Fisher’s [1980] method of the calculation 
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Fi^. 1. Tiidivi<lual observatioriM on the eahuum content of Horuin, T)rain and Jiver of young fed 
guinea-pigs. Effect of parathyroid extract and of tuberculosis. 

of L The corresponding value of P was foimd from his Table of t. For the means 
to differ significantly P must be 0’05 or less. The means and the comparisons 
between them are given in Tables I-III. 

Sera (Table I). The moan value of the serum calcium of the control guinea- 
pigs was 11-2 mg./lOO ml. Bodansky et aL [1930] found a mean of 10*5 mg. Aftt^r 
parathormone the mean was 12*0 mg. which just fails to be significantly greater 
than the mean of the controls; the value of t required for signifi( 5 ance is 2*028 
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Table I. Means of the series of serum calcium determinations 
and their statistical comparison. 


Series 

( Ibser- 
vations 
in 

series 

Mean 
m;;./ 
KX) ml. 

Standard 
devia- 
t ion 

Mean 
devia- 
tion of 
mean 

Compared with 
.series 

llitfer- 
ence of 
means 
nm./ 

ItM) ml. 

t 

P 

Control 

29 

1M8 

1-Ul 

(»-l87 

— 

- 


— 

I’arat hormone 

8 

12-Ul 

1-13 

U-4(Ut 

(^ont roi 

0-83 

2-01 

0-05 + 

Tubercle 

6 

1087 

I-OI 

0 412 

Oontrol 

0-31 

0-09 

Very 

Tube rcle ami 

8 

12-84 

1-10 

0412 

( V>ntrol 

1-60 

403 

larse 

0-01 

parathormone 

Tulierele 





Tubercle aiifl 

1-97 

3-30 

0-01 

f*aratbornione* 

n 

15-23 

1-51 

t)-K72 

parathormone 

('(Uitrol 

4-05 

0-30 

O-Ol 


(fasted) 

♦ A series of animals Kiven a sui^Ie lar^re dose in the fastin^i state. 


and that obtained 2-01. A longer series woiiJd probably show a small real 
difference. A few obst^rv^ations made aft.(‘r a singh? dost; of 50 units in fasting 
animals killed 24 hours after the injeetitm gave a mean of 15 mg.; this greater 
and significant incn^ase confirms observations of Bodansky et aL [1930]. Infec- 
tion with tnberculosis did not alter the mean siTum calcium, but parathormone 
acting on a tuberculous animal produet^d an increase which was significant in 
comparison with tin* means of the controls and of t)u‘ tuberculous animals. 

Bone. The bones showed definite absorption of the fine trabeculae in all the 
parathormon(*-treated animals. Tub(TCulous infection produced no change in 
the bones by itself, and did not ap])ear to alter th(^ extent of the absorption 
caused by parathormone. The laistology did not sfiow any s})ccifie tuberculous 
lesion in the bones. 

Brain (Table IT). Tlie mean calcium content of the brains in the control 
s<Ties was (v7 mg. per 100 g. fresh brain. The mean of the series treated with 


Table 11. Means of series of brain calcium determination 
and their statistical comparison. 


m^r. Ca per 100 jr. fresh bram. 


Scries 

Obser- 

vations 

in 

series 

Mean 

Standard 

devia- 

tion 

Mean 
devia- 
tion of 
mean 

(Vm pared with 
series 

DiOer- 
enee of 
means 

/ 

P 

Oontrol 

27 

0-68 

2-12 

0-407 

— 


— 

— 

Parathormone 

13 

6-70 

107 

0-404 

(\mtrol 

0-02 

~~ 

— 

Tubercle 

7 

0-47 

0-843 

t»-31S 

(/Ontrol 

1-21 

1-47 

0-1 i- 

Tubercle and 

7 

7-11 

1-71 

0-045 

Control 

0-43 

0-49 

V’erv 

parathormone 

'rubereh* 


_ 



, 

Tubercle and 

1-04 

2*29 

lartfc 
0-05 - 


parathormone 


parathormone was identical. The mean of the brains of the untreated tuber- 
culous animals was lower, but the difference was not large enough to be sigiii- 
ficaiit; after parathormone these brains showed a significantly larger amount of 
calcium, but the increase was not sufficiently large to bo real when compared 
with the normal controls. Parathormone therefore has no effect on the brain 
calcium under the conditions of these experiments with the possible exception 
of a small effect in the tuberculous animal. 
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Liver (Table III). The mean liver calcium in the control series was 4*2 mg. 
per 100 g. fresh tissue. This was dehnitelv increased by parathormone and by 
tuberculous infection; the latter caused the greater increase. Tuberculosis in- 
creased the rise due to parathormone to a significant extent, but parathormone 

Table III. Means of series of Uver calcium determinations 
and their sfatisticnl comparison. 


Ca por fresh liver. 



Obser- 

vations 

in 


Standard 

devia- 

Mean 
devia- 
linn of 

Compared with 

Jliffer- 
enoe of 



vSerios 

series 

Mean 

tion 

mean 

series 

means 

1 

P 

Control 

23 

417 

1025 

0-213 

— - 

— 

— 

— 

Parathormotio 

7 

,V2l 

OS,52 

0-321 

Control 

1-04 

2-44 

0-02 

Tuben’le 

6 

r>-8i 

0-727 

O-207 

(Control 

1-04 

309 

O-Ol 

Tubercle and 

4 

iv41 

0-708 

(»-383 

Control 

2-30 

4-25 

0*01 

parathormone 

Tubercle 

— 


- 


Tubercle and 
parathormone 
Tubercle and 
parathormone 


1-38 

0-2 

Parathormone 

— 

— 


— 

1-26 

2-43 

0-05 


did not increase the rise due to tiibercxilosis alone. Tubercle therefore seems the 
more potent agent. A solitary observation of 18*5 mg. was obtained after 
parathormone and this has not been included in thi^ above data as it seemed 
likely that some other factor such as c alcification must be operative. 


Discussion. 

Bodansky et al. [1930J foxmd a mean hicrease of 2*4 mg. in the serum calcium 
of young guinea-pigs from repeated doses of parathormone such as those given 
in the present experiments. Repeated dost^s of 10 units were without effect 
on the serum although slight absorption of bone was detected. Cohn and Stohr 
[1933] produced no effect on scrum or bone with repeated doses of 1-5 miits. 
Our T-esults with the larger dosage showefi but a questionable increase. The 
serum determinations in the tuberculous animals support the clinical observa- 
tion that parathyroid hormone gives a greater response in an animal with an 
active tuberculous focus. The human cases w(Te with one exception mild and 
the patients well nourished, but the* guinea-pigs when exposed to the combined 
effects of tubercle and parathormone constantly lost weight, whereas they did 
so only occasionally and to a less extent when these agents were acting sepa- 
rately; so far as the animals were concerned it might have been that a starvation 
factor was operative in incr(?asing the response as in the case of the fasting 
animal with the large single dose. 

It is well known that the calcium content of the tissues is very different 
from one kind of animal to another, and that in the same kind of animal there 
is much greater individual variation than in the serum calcium. In any series, 
by one worker using one kind of animal under the same conditions, the highest 
figure is seldom less than three times the lowest. This a})plie8 to the present series 
and makes it difficult to demonstrate small changes caused by such an agent 
as parathormone. It is probable that in the tissue cells the calcium is present 
in protein- bound, diffusible and ionised components as it is in the serum. As 
it is believed that the ionised form is the most important in influencing cell 
activity, it is possible that variations in the amount of this fraction are buffered 
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by the presence of the protein- bound fraction, itself inactive and subject to 
considerable variation in amount. 

In the following remarks the calcium figures quoted from the literature have 
been reduced to mg. per 100 g. of fresh tissue; to effect this the figures for the 
dry weight have been divided by 4. 

Rona and Heubner [1919; Heubner and Rona, 1923] found that cat brain 
contained 8~17 mg. of calcium, and that this amount was not influenced by 
calcium therapy. Hesse^aZ. [1932] found 25-65 mg. in rat brain and they quote dog 
and human brain as containing about 5 mg. and rabbit brain 125 mg. In rats with 
rickc^ts the brain calcium was greatly reduced, but neither parathyroidectomy 
nor the injection of parathyroid extract influenced it. Underhill and Jaleski 
[1933] roj)orted that 2-8 mg. was the titre in dogs and that parathyroidectomy 
had no effi-ict. Eaves [1931] gave 4-6 mg. as the limits in four normal human 
brains but found pathological brains containing 8 mg. or more. The range of 
the present series is from 4*3 to 11*1 mg. with more observations in the lower 
half of the field, and no efiect of parathormone was shown. Except for the 
changes reported in rickets by Hess the brain calcium seems resistant to external 
influences. 

Heubner and Rona [1923] found 4-11 mg. of calcium in the liver of cats, 
and Hennis and (.'orley [1925 1 7-11 mg. hi rabbits; both fiiiled to influence it 
by giving calcium salts. Underhill and Jale.ski [1933] reported 1-3*5 mg. in 
dogs without change aftc't* parathyroidectomy. Barral and Barral [1928] found 
0*3 6*8 mg. in rabbits. Hamagc' eJ al. [1933] found 6-40 mg. m the livers of 
sick children. Burns and Elliott [1935] found 0*5-2*5 mg. in the livers of 
guin<‘a-pigs which had !)een bled and 3-5 mg. in the livers of those which had 
not ; they found that pneumonia increase<l the liver ealciuni of rats from under 
3 to as much as 10 mg. Tlu^ observations presented here give the range of liver 
calcium in 3^oung guinea-pigs as 2*5-7*5 mg. per 100 g. fresh liver with a mean 
of 4*2 mg. and show that the liver calcium was increasf^d by tuberculous in- 
fection and by parathormone. Both increases wore small, but the two agents 
acted together to give a greater effect than either alone. Tuberculosis appeared 
to be the more potent. 

The liver calcium apjw^ars more labile than the brain calcium but conditions 
under which the liver discharges calcium have not been found. The liver is 
probably not a calcium store of great quantitative importance, and unlike bone 
it seems to take up calcium under the influence of parathormone. This suggests 
that it may have a part to play in the finer re^gulation of the serum calcium, 
wliich would entail its taking up calcium when the serum calcium tends to rise. 

The observations have added a few facts about the influence of tuberculous 
infection on parathyroid action, but the clinical results referred to at the com- 
mencement of this paper show that tuberculous infection was an unfortunate 
one to have chosen for the investigation of the general action of infections on 
the response to parathyroid hormone, 

SUMMABY. 

1. Injection of repeated large doses of parathyroid extract into a series of 
young guinea-pigs produced a mean increase of the serum calcium which was 
not quite large enough to be statistically significant. 

2. Similar treatment of guinea-pigs which were infected with tubercle bacilli 
produced a larger mean response which was significant. 

3. No difference could be detected in the degree of decalcification of bone 
caused by the parathormone in the two classes of animal. 
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4. Parathyroid extract had no effect on the calcium content of the brains 
of healthy guinea-pigs. It possibly increased the calcium in the brains of tuber- 
culous animals. 

5. The liver calcium was increased by parathyroid ('xtract and by tuber- 
culous infection. Tuberculous infection increased the response to parathyroid. 

I wish to express my thanks to Prof. B. J. Ryrie for his help, to Dr E. C. 
Greenfield of the .Department of Bacteriology for inoculating the animals and 
to Mrs Wjdie for advice as to the statistical method to l)t‘ ai)plied. 
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The reacitions by which ca-rboh^^drate is converted into lactic acid in inuacle 
do not, according to the Einbden-Mt^yerhof schenni, involve tJie intermediate 
production of nudhylglyoxal. The fundamental observation on which the ex- 
clusion of ni(*thylglyoxal is based is the production of lacitic acid by dialysed 
muscle extracts to which magnesium ions and adenylpyrophospliate have 
been addc^l. Such extracts are presumably free from glutathione | Meyerhof, 

1933] , and cons(‘(iuently contain no functioning glyoxalas(‘. Meyerhof [1934] 
dismisses the fact that' mcthylglyoxal has n^peatedly been isolated from muscle 
extracts by assuming that in such cases it is either an artefact or a by-product 
formed spontaneously from triosephos])horic ackls. It is known that in acid 
solution both synthetic glyc^eraldehydephosphoric acid and dihydroxy acctoiu'- 
phosphoric acirl do yit^ld mcthylglyoxal In vitro [Ki(‘ssling, 1934]. 

On tlu* oth(‘r hand it has betui denied that nu'thylglyoxal found in inimbated 
inuseh' ('xtracts is due to th<* pre^sem^e of fixing agents [Auhageii and Aiihagcn, 

1934] . The energy derived from the conversion of mcthylglyoxal into lactic acid 
has be(ui shown to b(‘ utilised by ('ardiac* mus(’lf‘ under anaerobic conditions 
(Gaddie and Stewart, 1934], ancl it therefore seems eithtu' that this reaction 
j)rovid(‘s an alternative normal mode of breakdown of carbohydrate or that, 
even und<»r amverobicj conditions, tiu' mus(*le can use energy from abnormal 
reactions. According to Meyerhof’s view of the position of methylglyoxal, 
glyoxalase must occupy a fiosition analogous to that of catalase, except that 
ill the latter case ther<‘ is at least no evkhmee that the reaction catalysed serves 
any useful [lurpost* other than the removal of a substance toxic when present 
in excessive amounts. 

Even though the methylglyoxal be formed from its precursor without the 
intervention of enzymc*s, it eanuot , on that account, be discarded as a by-product 
of no importance. The fact that the energy of its further breakdown to lactic 
acid is utilisable, in conjunction with the fact that it is formed under a variety 
of conditions, suggests that it is more than a by-product, and that, as lias been 
suggested on several o(*(*asions {e,g, Gaddie and Stewart, 1934; Ashford, 1034; 
Jowett and Quastel, 1934], there exist alternative routes by which lactic acid 
may be formed from carbohydrate. 

Recently we showed [Stewart et al, 1934] that the Friedmann-Cotonio- 
Shaffer method for the estimation of lactic acid estirnati'd methylglyoxal in 
addition, though other intermediates in carbohydj’ate breakdown did not inter- 
fere appreciably. We found that by distillation before removal of carbohydrate 
by copper sulphate and calcium hydroxide the methylglyoxal could be removed 
and the true lactic acid estimated in the residual solution. The interference of 
methylglyoxal has also been demonstrated by GirSavi^^ius and Heyfetz [1934], 

^ Til reotupt of a part-time grant from the Medical Research Council. 
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who, however, removt^d the mcthylglyoxal by oxidation with hydrogen peroxide. 
Although Meyerhof and his collaborators had, presumably, used their mano- 
metric method for the determination of lactic acid, it seemed desirable to us to 
repeat the experiments with dialysed muscle extracts using the old and modified 
oxidation methods simultaneously, and to determine whether there was any 
marked accumulation of methylglyoxal in the absence of glutathione, and 
whether the presence of glutathione led to an increased production of lactic acid. 


Methods. 

We used, at first, a suspension in phosphate bufier (pj^ 7*5) of muscle dried 
in vacuo after repeated washing with acetone. The dried material was gromid, 
suspended in water and dialysed through thin collodion membranes against 
running Avater for 8~12 hours. At this time no glutathione (or occasionally 
only a mere trace) could be detected in the fluid by the nitroprusside reaction, 
though the powder itself still gave a strong reaction owing to the presence of 
“fixed SH”. 

Later, we used a cell -free extract, prepared by freezing solid an acpieous 
suspension of the dried muscle powder and then centrifuging until the mass 
had thawed. The supernatant fluid was dialysed as before, but for a longer 
period — up to 16 hours. The shorter period was usually sufficient to yield a 
solution in which the nitroprusside reacition was negative. 

Both frog and rabbit muscles were used, with essentially similar results. 
The experiments quoted in this paper were made with rabbit muscle. 

Adenylpyrophosphate was added iii the form of crude co-enzyme prepared 
from rabbit muscle as described by Lohmann [1931]. 

Lactic acid was estimated by the method of Friederaann, Cotoiiio and 
Shaffer, and by the modification describt^d by Stewart et al. [1934]. In one or 
two experiments the distillate from the modified method was treated with 
2:4-dinitrophenylhydrazin(‘ and shown to contain methylglyoxal. 

Results akj> uiscttsston. 

The first question to be decided was of course* whether the presence of 
glutathione had any effe(‘t on the production of lactic acid from glycogen. To 
answer this question the dialysed muscle extract, mixed with half its volume 
of phosphate buffer 7-5), was activated by addition of glycogfm, magnesium 
sulphate and adenylpyrophosphate. Reduced glutathione was added to on 
exactly similar mixture, and the extract with buffer and glycogen but no 
other addition was used as control. Air was excluded by a layer of paraffin 
and the reaction was allow<*d to continue ov(*rnight at room temperature. 

Invariably the mixture containing glutathione yielded the most lactic acid 
and the control the least. The control was never absolutely negative, presumably 
owing to the difficulty of removing the last traces of glutathione and adenyl- 
pyrophosphate, but in most experiments it was very small. Its actual size 
dep(*ndcd inter alia upon the concentration of the muscle extract, but never 
masked the lactic acid production due to the presence of the co-enzymes. 

( V)mj>arison of the results obtained by using the old and modified forms of the 
method for lacitic acid estimation showed (Table 1) that in the absence of 
glutathione, but not in its presence, there was a considerable accumulation of 
some substance which was not lactic acid but was estimated as such in the 
unmodified i)rocedure. The rt'sults of Stewart et al. [1934] suggest that this 
substance was methylglyoxal. It was never isolated in these experiments, but 
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Table I. 

Each mixture contained 20 ml. of dialywed muscle extract and JO ml. of phosphate buffer, 
7 >h 7*5, with the following additions: («) substrate only, (6) as (r/)4 magnesium sulphate and 
adenylpyrophosphate, (c) as (^)+ reduced glutathione. 

Tactic acid 

mg. |)er ml. of muscle extract 


Substrate 

( 

Ori^dna) rn(‘thod 

Modified method 

{a) 

0-87 

0-84 


2-7:i 

1-97 

{(') 

2-82 

2-60 

Glyeoijcn (a) 


0'23 

('d 

2-00 

0-83 

(c) 

1-81 

1-23 

Hexosediphosphoric acid {a) 

0-32 

0*31 

('d 

0-77 

0*39 

(0 

lo6 

1-44 

Hexosediphosphoric acid (a) 

0-42 

0-41 

(h) 

0'68 

0-41 

{r) 

103 

1(M) 


was, on several occaBions, distilled into a solution of 2:4-dimtrophenylhydrazine, 
and formed a rod eompoimd whi(!h gave the colour reactions characteristic of 
the methylglyoxal derivative. The presence of glutathione did not always com- 
pletely prevent the aeeiimulation of this substance, but if invariably decreased 
it markedly and sometimes abolished it. It stjemed as though the rates of pro- 
duction and removal of methylglyoxal did not necessarily bear a constant 
relationship to one another in clifferent preparations. 

In all these experimc'iits glycogen was the substrates They indicate quite 
clearly that inactivation of the glyoxalase system by removal of glutathione 
causes a decrease in lactic acid production. Consequently they support the 
view that, in addition to the route suggested by Embden and Meyerhof, lactic 
acid may be formed from glycogen by way of methylglyoxal. Similar results 
were obtained with magnesium hexosediphosphate or glucose as substrate 
(Table I). Glucose and hexosediphosphoric acid resembled each other and 
differed from glycogen in giving increased activity in presence of glutathione 
as indicate^d by an increase in the apparent lactic acid determined by the un- 
modified method. With glycogcm as substrate the unmodified method only 
occasionally indicated increased activity in the presence of reduced glutathione, 
and usually the results were similar to those shown in Table I. (Geiger [1935], 
tising the unmodified method, has recently reported results very similar to those 
which we have obtained by the same method of analysis and has concluded 
that reduced glutathione is without effect on the production of lactic acid from 
glycogen, but increases the lactic acid production from glucose. He thus suggests 
a qualitative difference between the mono- and poly-saccharides. Our results 
with the modified method of analysis show clearly that this conclusion is un- 
justified, and that the different behaviours of the two substrates are due to 
quantitative differences in the choice of alternative routes. It is of course 
possible that glucose does behave differently from glycogen, and that some 
glycogen is hydrolysed to glucose which is then converted, at least in part, by 
way of methylglyoxal into lactic acid, and that glycogen, qva glycogen, passes 
exclusively tiirough the stages postulated by Embden and Meyerhof. The in- 
creased lactic acid production from glycogen in the presence of glutathione 
(and the accumulation of methylglyoxal in its absence) would then be explained 
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by hydrolysis of glycogen and hoxosediphosphoric acid to glucose. Whether, in 
such a (?asc, one describes the breakdown of glycogen to lactic acid by muscle 
as following two routes or only one, is really a matter of hair-splitting. This 
explanation however is less likely than that the difference betw(‘cn glycogen and 
glucusc is merely quantitative, since the analytical differences are quantitative 
(as shown by application of the modified method) and since, moreover, hexose- 
diphosphoric acid is an intermediate in the Embdeii-Meyerhof scheme for the 
production of lactic acid from glycogen and, by the unmodified method, gives 
results very like those given by glucose. 

Our next object was to test Meyerhof's statement that any mcthylglyoxal 
formed in muscle preparations is an artefact or by-product. If this is the case, 
incubation of dialysed muscle (‘xtracts with glycogen and a magnesium salt 
alone should yield mcthylglj^oxal, since this system is cay)able of forming triose- 
phosphoric acids [Meyerhof and Lohmann, 1934J whi(ih may then yitdd methyl- 
glyoxal spontaneously as they do in vitro in acid solution [Meyerhof, 1934]. 
Addition of reduced glutathione to such a system should tluu) yield an equivalent 
amount of lactic acid. Experiments on these lines indicated (Table II) that the 

Tabl(' II. 

Kach mixture contained 20 ml. of dialysed muscle extract and 10 ml. of phosphate butler, 
Pn "'‘tt the following additions: («) glycogen, {b) as («) -i-magnesmm sulpliate, (< ) as {h) •\ re- 
duced glutathione, (d) as {r) -f adenylpyrophosphate. 

Lactic acid 



niir. per ml. of nuiseli* extrac t 


Original method 

Modified riielhofi 

(fr) 

0-84 

0 72 

(M 

112 

()(>0 

(0 

1-48 

l’2J 

W 

2*5:i 

J'4(i 

(a) 

0-77 

0*60 

W 

0 88 

0 r>H 

«') 

1'87 


(^0 

.301 

2-54 


atldition of magnesium alone to dialysed muscle extracts plus glycogtui yielded 
only very small amounts of methylglyoxal, far smaller than tliose whi(4i were 
present in the more complete system containing adenylic a(*id pyrophosphatt* 
which we had previously studied. This at once suggest'd that the mcthylglyoxal 
which accumulated in the mixtures dihcicnt only in glutathione had been 
product^d by some process in which adenylpyrophosphatt* was concerned 
and which was therefore probably enzymic. When however glutathione was 
added to the mixture of dialysed muscle extract, glycogen and a magnesium 
salt, lactic acid was produced in quantities far gi’oater than could be accounted 
for by the methylglyoxal produced in the absence of glutathione. The relatively 
small amount of methylglyoxal found in the absence of adenyl pyrophosphates 
and glutathione negatives the supposition that formation of methylglyoxal had 
ceased owing to accumulation of that substance (a supposition hardly justified in 
any cas(‘ if the reaction were non-enzymic), and that glutathione, by removing 
the excess of mcthylglyoxal, allowed its formation to continiK'.. It therefore 
seems that glutathione, like adcMiylpyrophosphate, can, in some as yet unknown 
way, stimulate the production of methylglyoxal (see Table 11). It is of course 
conceivable that glutathione, though not an essential component of the Embden- 
Meyerhof system, exercises an activating effect at one or more of the stages of 
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lactic acid production via pyruvic acid. Though there is no evidence to support 
this, there is equally none to refute it, and it remains a possible explanation of 
these results. It does not however affect the existence of an alternative route 
via methylglyoxal. 

The last stage in the formation of lactic acid according to the Embden- 
Meyerhof scheme consists in the simultaneous reduction of pyruvic acid and 
oxidation of glyeerophosphoric acid (to triosephosphoric acid). We have tested 
the influence of glutathione' on this reaction. When magnesium ions and adenyl- 
pyrophosphate are added to th(» mixture' of buffered dialysed muscle extract, 
sodium pyruvate and sodium glyc(‘rophosj)hat<^ lactic acid is formed, but the 
amount is conshlerably inci eased by the further addition of reduced glutathione. 
This is to be (‘xpected on thc' view that the triosc'phosphoric acid formed from 
glyeerophosphoric*. acid may be transformed, in ]»art at least, into methylglyoxal. 
The amount of extra lactic acid formed in presence of glutathiont' is quite con- 
siderable (Tabk' Ifl), and is dc'finitely produc(?d from tlu' added substrate, but 

Table 111. 

Each mixture cuiitaiucd ml. of dialysed muscle extract, 10 ml. of phosphate buffer, 7-o, 
tMjuimolecular mixture of pyruvate and ;L!:lye<‘rophosphate, [a) alone. (//) rmaciiesnim sulphati* 
and a<lenyIj»yrophospha(e, (( ) as (h) 4 reduced jilutathione. In each case a control without adder! 
substrate was used, and the values obtained from these rontrols have herui subtracted to uive the 
litrures shown. 

Laetir; acid 

init;. |K'r ml. of musc le extract 



Orighml method 

Mtxlified metlu)d 

(«) 

1*2<> 

ope 

(M 

2()0 

ld>0 

Ki 

2 75 

1*85 


M7 

loo 


2'78 

1*93 

{<■) 

:h39 

2*b8 


the quantitative examination of the residts in detail is a matter of some difficulty 
since tlu' controls may not 1 m' entirely adequate* owing to the possibility of some 
carbohydrate remaining in the dialysed muscle extract. As controls we used 
dialysed muscle extract with the same additions of co-enzyme, glutathione etc,, 
and only the substrate mixture omitted, but even so, it is hardly fair to foimd 
any further conclusions on the basis of the exact amount of lactic acid produced. 

In the early experiments on glycogen, the amounts of methylglyoxal which 
accumulated in tlu* absence' of giutathioiie varied considerably, and even in 
the present of glutathione similar amounts occasionally remained. Since this 
suggested a difference in the rat('s of production and removal of methylglyoxal 
so that the time and conditions of incubation might seriously influence the 
results of analysis at the end of the experiment, we carried out a series of 
parallel experiments with and without glutathione, in which samples were 
periodically wmioved for analysis. Table IV giv(\s the results of two such ex- 
periments, Throughout, the true lactic acid production was greater in the 
presence of glutathione than in its absence. A curious feature however was t he 
early production of a largo amount of methylglyoxal (or some substance which, 
like methylglyoxal, was estimated as lactic acid by the unmodified method but 
was removexi by distillation), whicJi later disappeared and was not accounted for 
as lactic acid. This phenomenon, of which we can offer no explanation, certainly 
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Table IV. 

Kach mixture contained dialysed muscle extract, buffer, glycogen, magnesium sulphate and 
adenylpyrophosphate. In addition, series B contained reduced glutathione. 


Lactic acid, mg. per ml. of muscle extra<;t 


Time of 

Original method 


Modified method 

incubation 







r' 





B 

hours 

A 

B 


A 


0 

01 5 

0-15 


(Ml 


Oil 

1 

105 

0-.53 


0-18 


0-34 

2 

0*78 

0-76 


0-25 


0-38 

4-5 

0-45 

<^73 


0-26 


0-41 

24 

0-43 ‘ 

0-75 


0*3() 


0-45 

0 

0-36 

0-36 


0-23 


0-23 

1 

(>•76 

1-37 


0-33 


0*54 

2 

101 

1-16 


0-41 


— 

4 

2-26 

1-84 


0-56 


0-88 

24 

2(K) 

1-81 


0*83 


1-23 


helps to cxj)lain the variable metbylgjlyoxal jw'oduetion which had pre- 
viously observed. It has been reported by Arayama [1934], w^ho aetuaUy esti- 
mated the niethyglyoxal, as its 2:4-dinitrophenyliiydrazone. 


St-mmary. 

Dialysed muscle extracts produce lactic acid from glycogen, gliutose, hexose- 
diphospiioric acid or an equimolecular mixture of pyruvic and glycerophosphoric 
atdds in greater amounts in th(' preseiute of magnesium ions, adenvlpyroj)ho8- 
j)}iate and reduced glutathione, than in the presence of the first two of these 
co-enzymes only. 

In the absence of glutathione, methylglyoxal tends to accumulate; addition 
of glutathione diminishes and may prevent this accumulation. 

In the abvstm(*e of adenylp^Yophosphate, magnesium ions and glutathione 
allo’w the production of lactic acid from gl\'cogen by dialysed muscle extracts, 
but omission of th(' glutathione does not result in a corresponding accunuilation 
of methylglyoxal. 

During the for*mation of lactic acid, methylglyoxal accumulates and then 
disappears in })art, the amount disappearing not being fully accounted for by 
conversion to lactic acid. 

We have to thank the Moray Fund of this University for a grant which 
helped to defray the expenses of this work. 
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Following the discovery by Htedman el al. [1932] that the destruction of 
acetylcholine by blood serum was brought about by a specific enzyme, which 
they termed choline-esterase, Stedman ei al. [1933] tixamined the blood sera from 
a number of speci(\s iov the prescm^e of this enzyme and cornparf^d the choline- 
e.sterase activities of these sera with tludr activities towards two other types of 
esters, namely, methyl butyrate and tributyrin. The results offered ample (?on- 
firmation, if such witc needed, of the specific nature of choline-csterase. It was 
further (hmionstrated that s(‘j’a from different species diffen^d widely with respect 
to th(Mr content of the enzynu' in (|uestion, those' from certain species being, in 
fact , so deficient in it lhat none was d(*te('tablt' by the method of estimation 
which was employefl. It was, however, emphasisecl tliat the virtual absence of 
the enzyme; from serum did not necessai'ily imply its absence from the corpuscles, 
the choline-esterase aetivitu's of which could not at the time be determined since 
the method of estimation used w ith serum was not applicable to whole blood or 
to corpus(‘les. In onhu* to examint' this point the present autliors have therefore 
developed a method for the estimation of choliiK'-esterase in corpuscles, 
defibrinated blood or tissiu* and have used it to determim' the distiibution of the 
enzyme btdween corpuscles and serum in the blood of a numbf^r of species. This 
work is dt'seribed in the present communication. 8iuc(* this investigation, which 
wiivS reported to the Meeting of the Biochemical Socit'tv in (Glasgow in June 1934, 
was completed pajiers have appeared on the same subject by Ammon [1934] and 
Ammon and \'oss [1935] in which a method for the determination of choline- 
esterase is described wliieh is identical in principle with that employed in the 
present wor‘k. Inasmuch, however, as Ammon em})loys a Warburg apparatus 
whereas we utilise' the Barcroft diff*er(Titial apparatus our experimental procedure 
differs from that of the (lerman workers. The material which we have examined 
is, moreover, by no means completely identical with that investigated by 
Ammon. 

Estimation of choUv e-esterase. 

The method is an adaptation to choline-esterase of Rona and Lasnitzky’s 
[1924] gasometric method for the determination of esterases, using, however, the 
Barcroft differential apparatus in place of Warburg’s apparatus. The manometer 
is fitted with two flasks of the type described by Rona and Nicolai [1926] but of 
about 40 ml, capacity. In the actual estimation there are placed in each flask 
5ml. of bicarbonate Ringer s solution, prepared by mixing 100 ml. of 0*9% sodium 
chloride with 2 ml. of 1-2 % potassium chloride, 2 ml. of 1-76 % calcium chloride 
(calculated on the weight of the hydrated salt) and 20 ml. of 1*26% sodium 
bicarbonate, and 1 ml of the liquid, or a weighed quantity of the solid, under 
investigation. Into the side-tube of one flask are then pipetted 0*5 ml. of the 

( 2107 ) 
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bicarbonate Ringer's soJiition and 0*5 ml. of a solution of acetylcholino bromide of 
a concentration discussed below, the second flask being treated similarly except 
t hat water is used in place of the solution of acetylcholine. The apparatus is then 
assembled and partly immersed in a thermostat at 30'^ leaving the stoppers of the 
side-tubes above the surface of the water. By removing the stoppers and attach- 
ing to the manometer, the' stopcocks of which have been previously suitably 
adjusted, a reservoir containing a gaseous mixture composed of 95% nitrogen 
and 5% carbon dioxide, the flasks are swept out with this mixture, the 
stoppers are rejflaced, th(‘ stof)cocks readjusted and the flasks immersed 
completely in the thermostat. Shaking is then commenced and continued until 
equilibrium is rt‘achcd; the contents of the two compartments of the flasks 
are then mixed and readings of the manometer taken at di tinite intervals of 
time. Under the conditions chosen the rate of OOg production is linear with time. 
It should be clear from this description that the determination depends upon tht> 
liberation of a molecule of carbon flioxidr* from the bicarbonate' by each molecule 
of acetic acid produced by livdrolysis of acetyh'holine. The gas mixture, (*on- 
taining 5 % of carbon dioxid(‘, serves in conjunction with the ])i(*arbonate as a 
buflFer to maintain the of the reaction mixture at 7*4. Determination of the 
constant of tin* apparatus, which represents the voluim* of carbon dioxidt‘ 
liberated uiuha* the atmosplu'ric pressure obtaining at the t imc' of the expcu'iment 
but at a temperature of 0 for each unit difference, on an arbitrajy scale, betwe(*n 
the meniscus levels in the two limbs of the manometer, (jan I)e convenic*ntly 
effected by means of a standard solution of acetic acid. 

That the above method yields consistent results is shown by Table I, in 
which are recorded th(' results obtaiiuMl, using four different a 4 )paratus, with one 
and the same purified solution of ('holine -esterase. The maximum deviation from 

Table 1. Comparisov of results using diffrrent appurntm. 


Duration of oxptTiinrnt; 40 min. 


ilpparatuH 


.Manometer 

J?ar 

Carbon dioxide 
at .v.T.v. 

number 

Constant 

real tin jr 

mnv. 

ml. 

1 

()-0477 

4 18 

740 

01 94 

‘> 

0()29l» 

1)418 

740 

0-J98 

a 

(>•0470 

4*34 

740 

01 99 

4 

0f)3r)4 

Ti-oH 

740 

0 192 


th(i moan value is only 1'5%. But perhaps tlu! best demonstration of the 
accuracy of the method is the coTupaiisoii of the results which it yields witli 
those obtained under similar conditions of temperature, and substrate con- 
centration by the titration method descrihed in our earlier communication. Thus, 
using 1 ml. of an 80-fold dilution of a jmrified solution of choline-e.sterase, the 
following results were obtained by the manometrio method in two experiments 
of 50 min. duration: App. la; const., 0-0:i74: reading, 3-C5; bar., 744-5; COj, 
0-134 ml. App. 2; const., 0-0202; reading, 4-88; CO*, 0140 ml. The mean 
volume of COj produced is thus 0-137 ml. lu a titration experiment, using 
20 times the amount of enzyme and of substrate in a solution of approximately 
20 times the volume, 2-40 ml. of 0-02 A^ alkali were required to maintain the pj^ 
of the solution at 7-4 during a period of 20 min. Tliis would correspond with the 
liberation in 50 min. of 0-134 ml. of CO* by the amount of enzyme used in the 
manometrie experiments, which is in excellent agreement with the value actually 
found. 
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Influence of substrate conce/ntrcUion on activity of enzyme. 

For the purpose of as<;ertaimng the best substrate concentration to employ 
in the determination of choline-esterase by the above method, five solutions of 
dififereiit dilutions of acetylcholine w(*re prepared as follows : solution no. 1, 5 g. 
acetylcholine bromide in 10 ml. of water; no. 2, solution no. 1 diluted with an 
equal volume of water : no. 3, solution no. 2 diluted with an equal volume of 
water; no. 4, 2 volumes of no. 2 diluted to 5 volumes: no. 5, 2 volumes of no. 2 
diluted to 8 volumc^s. The non-enzymic hydrolysis of acetylclujline in t.hese 
solutions, under the conditions defined above for the estimation of choline-esterase, 
was fix*st determined, with the results s1k)wu in Table II. A comparison was then 

Table n. N on~enzymir hydrohjsis TabU* III. I nfluevee of substrate cfmeen- 

of ncetylchoUnc. iration on a^firity of choline -esterase. 

Uiiration of oxjx^rjrnonf ; 3U nun. Duration of (*\jx‘riment : 30 min. 


Solution of Solution of 


afetyl(.'ht>liiie 


acetylcholine 


CO, 

no. 


no. 

CO 2 

(eorr.) 

1 

U-Uol 

1 

0-300 

0-339 

2 


■> 

o*:i4() 

0-319 

3 

(KHiS 

3 

0-324 

0-31 H 

4 

0011 

4 

0-.321 

0-310 

0 

0*(M4 


0-248 

0 244 


made of tht' carbon dioxide liberatt^d according to the above proct'dure when 
1 ml. of a purified solution of choline-esterase was employed as enzyme with 
0*5 ml. of each of the al)Ove solutions as substrate. The results are recorded in 
Table III, the figures in the last column being corrected for non-enzyrnic 
hydrolysis. It is evident that the optimum substrate concentration has not been 
reacdied in these experiments. Nevertheless, at (‘omientrations higher than that 
of solution no, 4 the rate of increiise of enzymic activity with increase in substrate 
concentration is small. A solution of this ccmcentration has therefore been adopted 
for us(^ with the method of estimation here described. Apart from economising 
material, the empl<iym<^nt of this solution in preference to one of higher con- 
centration possesses the advantage that the non-enzymic hytholysis is so small 
as to be almost negligible. 

Distribution of choline-esterase in normal human blood. 

The m('thod described above has been used for measiiritig the relative choline 
esterase activities of human blood from a number of normal individuals. The 
results obtained ai‘e given in Table IV, the figures representing ml. of carbon 
dioxide evolved in 50 min. by the action of the choline-esterase present in 0*05 


Table IV. Distribution of choline-esterase in normal human blood. 


Subject 

number 

Deiibrinated 

blood 

8erum 

Corpuscles 

1 

0-377 

0-353 

0-198 

2 

0-268 

0-148 

0-179 

3 

0-256 

0-126 

0-195 

4 

0-244 

0133 

0-184 

5 

0-243 

0-138 

0-165 

0 

0*232 

0-144 

0-156 

7 

0*213 

0-111 

0-146 

8 

0*199 

0-115 

0-126 

9 

0*198 

0*084 

0*141 
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ml. of blood or serum or in the corpuscles originally contained in 0*05 ml. of 
blood. Defibrination of the blood was effected by shaking with glass beads. The 
serum was obtained by centrifuging the defibrinated blood, whilst the corpuscles 
were washed twice with saline and then suspended in sufficient of this fluid to 
bring them to a volume equal to that of the blood in which they were oiiginally 
contained. In each case 1 ml. of the material (defibrinated blood, serum or 
suspension of washed corpuscles) so obtained was dissolved in water and diluted 
to 20 ml., 1 ml. of the dilute solution being used in each estimation; the corpuscles 
were, of course, laked in this process. It should, perhaps, be mentioned here that 
if the dilution of the material to be examined is made with water, this should 
be done immediately prior to the actual estimation. Otherwise the choline- 
esterase activity of the material may diminish owing to the smallei’ stability of 
the enzyme in dilute solution. 

Distribution of choline-esterase, in blood from other species. 

The choline-cstt‘rase contents of blood from a number of other species have 
also been examined. The relevant data are recorded in Table V. The technique 
of the estimations was identical with that used with humau blood except that, 


Table V. Distribution of choline -esterase in blood from various species. 


Species 

Defibrinated 

blood 

Laked 

defibrinated 

blood 

Serum 

Corpuscles 

Laked 

eorpuscloH 

Horse 

01 08 

0-111 

0-129 

0-044 

— 

Guiuea-pig 

0071 

0-068 

0-0t>9 

0-034 

0-033 

Ox 

0071 

0-079 

0-005 

0-071 


Pig 

0065 

0-061 

0-024 

0-0.>2 

— 

Sheep 

CJat 

()0:i7 

0-039 

0-(M)4 

0-036 

— 

0023 

0-022 

0-035 

0-0 

, - 

Fowl 

0-023 

0-022 

0-035 

0-0 

— 

Duck 

0-022 

— 

0-038 

0-0 

— 

Rabbit 

0022 

0-023 

0-024 

0-012 


Goat 

0-020 

— 

0-006 

0-015 

— 


in most cases, a larger amount of material, frequently 1 ml., was used. This was 
necessitated by the smaller content of choline-esterase in the blood of these 
species. In order, however, to make the figures comparable with one another and 
also with those of Table IV they have been recalculated to correspond with the 
volume of carbon dioxide which would be evolved in 50 min. by the action of 
the choline-esterase present in 0*05 ml. of the material in question. It will be 
noted that, in some instances, estimations have been carried out both on laked 
and unlaked blood or corpuscles. Laking, in these cas(‘s, was effected either by 
dilution with water or by repeated freezing and thawing. It is quite evident from 
the figures that the choline -esterase activity of blood is in no way dependent on 
the presence of the intact corpuscles. 

Examination of cerebrospinal fluid and brain tissue. 

The application of the technique described above has so far been mainly 
confined to blood and has not yet been extended to a systematic investigation of 
various tissues for the presence of choline-esterase . An examination has, however, 
been made of cerebrospinal fluid and of brain tissue. In the former case no trace 
of the enzyme could bo detected. Cerebrospinal fluid from two species, cat and 
man, has been examined both with the titration and gasometric methods. The 
results were entirely negative even when as much as 1 ml. of the material was 
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employed in the latter method. The brain, on the other hand, contains relatively 
large quantities of cholirie-ostcrase, the concentration in tlie basal ganglia being, 
in the cat, approximately twice that in the cortex. Thus, the basal ganglia and 
cortex from a cat’s brain, which had been perfused with saline until completely 
free from blood, ^ were separately minced and examined by the gasometric 
method using, in each case, 0-25 g. of the tissue. Duplicate estimations were 
carried out, the following volumes of carbon dioxide being produced in a period 
of 15 min.: basal ganglia, 0*463, 0*448; cortex, 0*216, 0*204 ml. 


Summary and Discussion. 

A method for the estimation of choline-esterase applicable to whole blood, 
corpuschis or tissue has been d(‘8cribed and the results of its application to blood, 
cerebrospinal fluid and brain tissue recorded. The values obtained for the 
choline-esterase contents of blood sera from various species are in general agree- 
ment with those previously found by St(‘dman et al. [1933] using the titration 
method. Only in one ease, namely, that of the cat, does any marked divergence 
appear between the results yielded by the two methods. This is no doubt due to 
the fact, exemplified by the results obtained with human blood, that considerable 
variations occur amongst individuals of a given species. In conformity with 
previous results, the blood sera from certain species (ox, sheep, goat) have been 
found to be, within the limits of experimental error, entirely deficient in choline- 
ostt^rase. The corpuscles from these animals, howt‘ver, are now shown by estima- 
tions both on defibrinat;CNl blood and on washed corpuscles to contain appreciable 
amounts of the enzyme in (piestion. On the other hand the corpuscles from 
certain speci(‘s (cat, fowl, du(‘k) have proved to b<‘ devoid of any (choline-esterase 
activity. 

Choline -esterase is entirely absent from cerebrospinal fluid. Considerable 
quantities occur, how^ever, in tin* brain, the concentration in the basal ganglia 
being approximately twice that in the cortex. This conforms with the findings of 
Dikshit [1934J that higher concentrations of aeetvl(*holine or of an analogous 
substance are present in the former than in the latter material. 

The expenses of tliis investigation have been partly met by grants from the 
Earl of Moray Research Fund of Edinburgh University. 

^ The authors desire to thank Dr B. B. Dikshit for preparing this material for them. 
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ecu. SOME REMARKS CONCERNING THE 
NEW COLOUR REACTION OF VITAMIN A. 


By EUGENE ROSENTHAL and JOHN ERDELYI. 

From Bndapest^ Hungary, 

{Rvetived July 24th, 1936.) 

Andersen and Levine [1935J studied the new colour test of vitamin A 
described by us [1934, 1, 2] and came to the conclusion that the reaction takes 
the same course if the test-tube is simpl}^ warmed without the atidition of 
catechol or giiaiacol, and that therefore these substances are superfluous. 

It is well known that the blue colour of the Carr-Price antimony tricliloride 
test for vitamin A is not stable on standing, it slowly changes into violet, red, 
then yellowish red and finally becomes turbid. This colour change may be 
hastened by warming the test-tube, the shade of the warmed solution, however, 
differing from the colour which n^sults when the colour change occurs without 
warming: a purplish hue is produced which subsequently turns into brick-red. 
This colour did not prove to be stable enough, and, in addition, the shade itself 
was found to be unsuitable for colorimetric comparison. 

We therefore searched for substances capable of retarding or preventing this 
undesirable change of colour. Among the 
substances tried for this purpose at first 
catechol seemed to be the most suitable. In 
the course of spectrophotometric measure- 
ments, however, it soon became evident 
that the colour thus produced is not con- 
stant enough, as the maximum of its ab- 
sorption is not stable (see Fig, 1). This 
change renders colorimetric estimation very 
difficult. Besides this, we found other draw- 
backs of the catechol method, which have 
been commented upon in a detailed manner 
in our second publication. We therefore 
made experiments with other phenols and 
their derivatives and found that guaiacol 
was the most appropriate for our purposes. 

The colour of the guaiacol test has been 
found extraordinarily stable and this has 
been verified by spectrophotometric mea- 
surements [Rosenthal and W^eltner, 1935]. 

Thus guaiacol — and to a loss extent catechol — has an inhibiting effect upon the 
n^action, as has also been stated by Andersen and Levine. In all our measure- 
ments we used washed absolute chloroform, as, according to our exj)erience, 
water and alenhol have an unfavourable effect upon the reaction. The practice of 
Andersen and Levine of using chloroform not free from alcohol, therefore, cannot 
be endorsed. 

As to carotene, it has been stressed also by us that the blue colour produced 
with antimony trichloride with the addition of catechol or guaiacol shows some 

( 2112 ) 



Fig. 1. Absorption ourvos of the new colour 
test for vitamin A performed with cate- 
chol: 1, JI, IJI, IV, absorption curves of 
the first, second, third and fourth 10- 
minute periods. 
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fading. This peculiarity of the reaction proved to be highly advantageous when 
the vitamin A content of blood had to be determined in the presence of carotene 
[Rosenthal and SziUrd, 1935]. The carotene content of blood, in the presence of 
catechol or guaiacol, does not give rise to a blue colour, whereas the pale violet- 
red colour yielded by vitamin A can be measured without difficulty. 

We willingly agree with And(Tsen and Levine in that if we aim only at 
qualitative differentiation of vitamin A from carotene, the use of either catechol 
or guaiacol is superfluous; in this case, however, no warming is necessary either. 
The reaction mixture containing vitamin A will change its colour also if left to 
stand in the cold, whereas the blue shadt*- of carotene produced by antimony 
trichloride is stable. Warming becomes necessary only if we wish to demonstrate 
vitamin A in the presence of carotene. However, as soon as our purpose is 
quantitative determination of vitamin A, in the interest of the possibility of 
exact colorimetric reading, the addition of guaiacol becomes advisable. The 
more so, as the shade producjed without guaiacol is different from that given with 
added guaiacol. This has also l)een stated by Andersen and Levine. In the 
presence of guaiacol the colour is bluish and identical with that of a freshly 
preparexi dilute solution of potassium |>ermanganate. The wave-length of the 
typical absorption maximum of this colour exactly tallies with the wave-length 
of the j^ellowisli green colour filter (No. 7) of the Leitz absolute colorimeter, 
whicli fact renders accuratf*. measurements very easy. 

It is on accjount of the facts mentioned that we recommend that the new 
colour test for vitamin A should bo carried out with addition of guaiacol instead 
of by simply warming the test-tube. 
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CCLIL SOME OBSERVATIONS ON THE 
ESTIMATION OF MUSCLE HAEMOGLOBIN. 


By RODGER H. WATSON.^ 

From the Biochemical Laboratory, Cambridge, 

(Received July 25th, 1935.) 

Numerous observations in the past decade, culminating in the isolation of the 
crystalline material and the study of its propt^rties by Theorell [1932; 1934, 1, 2, 
3, 4] have established the identity of muscle haemoglobin. Attempts to estimate 
it, however, have for the most part been coiuwned with it less as a chemical 
identity than as that haemoglobin which remains behind after })erfusing the 
tissue apparently free of blood. The most notable of these is that of Whipple 
[1926]. Though his estimations show consistency, it is not. certain that tli(‘V 
represent the actual concentrations of muscle haemoglobin. There is the pos- 
sibility that some haemoglobin has been lost in the pe'rfusion of the tissue and 
unc^^rtainty both as to whether there is an ecpial distribution of muscle 
haemoglobin between the tissue and the extracting fluid and as to the actual 
volume of the tissue. Further there is the possibility of other acid haematin 
compounds being extracted from the cell and introducing error into the subse- 
quent acid haematin determination. Finally the ('.on elusions drawn from tin* 
colorimetric comparison of the carboxy-compounds may be incorrect, for 
Theorell [1934, 2] has since shown that the light absorptions by the carboxy- 
haemoglobins of muscle and blood are different. 

In this paper is n^ported an attempt to develop a method for a more exact 
estimation by extracting the whole of the haemoglobin from the unperfused 
tissue and by determining the ndative concentrations of musch^ and blood 
haemoglobin in the extract from the nu^an position of the a-band of the oxy- 
haemoglobin compounds, as observed with the Hartridge reversion spectroscope 
and the determination of the total concentration of haemoglobin spectrophoto- 
metrically. Some observations on Whipple’s [1926 1 method of extraction, the 
outcome of a comparison of it with the method develo})ed, are also reported. 

Shenk et al, [1934] descTibe a method somewhat similar in principle. These 
authors are to be commended for their heroic effort in iwfusing an ox. There 
('xist, however, discrepancies betwcjen the spectrophotometric constants obtained 
with their extract of the perfused tissue and those obtained by Theorell [1934, 2] 
with the crystalline horse muscle haemoglobin. Though these may be due to the 
dillcrenixi in the source of the haemoglobin, it has been the experience of the 
author that it is extremely difficult to perfuse a tissue entirely free of blood 
haemoglobin. Further, the same uncertainty as to the distribution of the 
haemoglobin between the tissue and the extracting fluid etc,, exists as in Whipple’s 
[1926] method. 

Extraction, of haernoghbin. For the purpose of complete extraction, it was 
nee(issary that the muscle should be in as fine a state of division as possible. To 
this (md, minced muscle ground with sand was employed. The tissue juices 

^ Senior Student of the Council for Scientific and Industrial Research of the Common- 

wealth of Australia. 
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slowly separate from minced muscle and sink towards the bottom of the 
mass. The tissue sample should therefore be weighed out immediately after 
mincing. 

As Whipple [1926] found, wattjr extracts the haemoglobin incompletely (see 
Table I). When the tissue was rejx^atedly extracted with AT/ 15 phosphate buffer 
for periods of 3 hours, the fourth and subsequent extracts contained very 
little haemoglobin indeed, and after the fourth extraction no haemoglobin could 
be defrjcted in the extracted tissue using the microspectroscope, the tissue being 
reduced to show strong cytochrome bands and then reoxidised until these had 
disappeared. On comparison of the acid hac^matin compounds of combined 
extracts 4 and 5 with those of combined extracts 1 , 2 and 3 from a sheep heart 
muscle extraction, the former w^as found to be 2*4 % of the latter on one occasion 
and 4*5 % on another. It is considered that not more than 5 % of the total 
haemoglobin is left behind after rept^ating the extraction twice, if not more than 
6 g. of tissue be used and the tissue be thoroughly ground witli sand. The ffnal 
solution becomes very dilute if the extraction is repeated further. 

Whilst alkahne phosphate buffer will extract th(‘ haemoglobin completely, 
diffieidty arises in the filtering, the filter tending to clog. In slightly acid 
phosphak^ buffer the extracts filter cl(?ar quite readily when shaken with kiesel- 
guhr and less readily, in fact rather slowly, with aluminium hydroxide. In acid 
solution, however, haemoglobin is absorbed by kieselguhr and aluminium 
hydroxide. It is readily washed off with alkaline solutions but, unfortunately, 
such solutions deflocculak* the kiestdguhr so that the washings are cloudy. These 
washings, however, when shaken with aluminium hydroxide, filter clear. Using 
a combination of kieselguhr and aluminium hydroxides a crystal- clear filtrate 
may Ik^ obtained in a much shorter time than by using aluminium hydroxide 
alone. 

That the adsorbed haemoglobin may be almost completely washed off was 
shown by shaking ali(|Uots of a clear solution with further kieselguhr and alu- 
minium hydroxich'. With aluminium hydroxide the recoveries W’ere 95 and 96 % 
in two (*ases tried. With kieselguhr, the apparent recoveries were 104 and 105% 
owing to the faint (rloudiness produceni on washing with an alkaline solution. In 
both cases the amount of haemoglobin present was much less than in an ordinary 
determination. 

For quantitative extraction, the following procedure, taking into account these 
various considerations, has bc‘en found a convtmient one : 5~G g. of well-minced 
muscle tissue are ground with an (Hjual volume of sand. The well-ground mass 
is washed into a 25 ml. centrifuge-tube with 12-14 ml. A//15 phosphate buffer, 
about 6*5, and shaken gently for 3 hours. It is then centrifuged for 5 minutes 
at about 3000 r.p.m. and the supernatant liquor poured off and stored in the 
refrigerator. Another 12-14 ml. phosphate buffer is added, the tissue thoroughly 
stirred up with it and again extracted for 3 hours, after which the fluid is centri- 
fuged off as before. This process is repeated a second time. The combined 
extracts are then centrifuged for 45 minutes and the su})ematant liquor is 
poured off, shaken up with kieselguhr and filtered by suction, the filtrate being 
put through a second time after which it is usually crystal- clear, but, if not, it is 
put through still a third time. The residue on the filter-paper is washed with a 
few ml. of 0*1 % ammonium hydroxide till tlie washings which are collected 
separately are quite colourless. These washings are shaken with aluminium 
hydroxide and filtered afresh under gentle suction, this residue on the filter-^mi^er 
also being washed with 0*1 % ammonium hydroxide. The extracts and washings 
are made up to 60 ml. 
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Determination of the concentratitms of muscle and blood haemoglobin relative to 
one another in a 7nixture of the two. It having been established that the mean 
|X)sition of the a-band of muscle oxyhaemoglobin is nearer the red end of 
the spectrum than that of blood oxyhaemoglobin, the mean i^osition of the 
band in mixtures of the two oxyhaemoglobins suggt^sted itself as a possible 
moans of detc^rmining the relative concentrations of th(‘ luK^moglobins in the 
mixtures. The nature of the relation between the moan ]iosition of the a-band 
and the relative concentrations of the haemoglobins had to be determined. 

Crystalline muscle haemoglobin of the horse was prepared after the method of 
Theorell [1032]. (It was redialysed twice, the crystalline mass being well washed 
each time with saturated ammonium sulphate solution.) It was taken up in 
phosphate bufler at pjj 6*7. On the grounds of the observations of Roche 1 1932], 
the concentrations of the solutions relative to ori(‘ another was obtained by 
colorimetric comparison of the acid haematins. To 7 ml. of solution 1 ml. of 
approximately HCl was added and after 3 hours the acid haematins wore 
compared colorimetricall 3 \ An excelhmt colour mat(*h was obtaiiud. After 
storage of the haemoglobin solutions for 1 month in the n^frigerator, the relative 
(joncentrations were still unaltered. Eadi of these solutions and \'arious mixtTires 
of the two were reduced with 8tokes\s reagent (alkaliiu^ hTrous tartrate) and 
reoxidised and the mean position of the a-band det(*rmined with the Hartridge 
reversion spectroscope immediaticly. All readings wort* made at 21 and at tlie 
sam(‘ concentration. They are plotted in Fig. 1. 



% muscle oxyhaemoglobin in mixture 

Fig. 1. The relation between the % muscle oxyhaemoglobin in a mixture of muscle 
and blood oxyhaemoglobins and the mean position of tht‘ tx-baud. 

The observed position of the a-band of crystalliiu' muscle oxyhaemoglobin of 
the horse is 5808 A., 5 A. nearer the red than was found l»y Roche [1932]. It is 
possible that Roche's solutions may have contained a little blood oxyhaemo- 
globin, hut it is to be remarked that the observed value? of the blood oxyhaemo- 
globin of tlie horse, 5774-5 A,, is 5 A. nearer the red than is reported by Bareroft 
[1928]. By eomparison with the observations of Theorell [1934, 2], using the 
s|>eetrophotometer, it would appear that the mean position of the a-band differs 
somewlial from the jx>sition of its maximum absorption. As is evident from 
Fig. ], this mean position of the a-band changed uniformly throughout the 
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interval of 33— 4- A. as the relative concentrations of the oxyhaemoglobins to one 
another were changed. 

It is, therefore, simple to obtain the relative concentrations of the haemo- 
globins in extracts of horse muscle tissue. They need only be brought to a 
temperature of about 20-21 reduced with Stokes’s reagent and rooxidised and 
the mean wave-length of the a- band determined with the Hartridge reversion 
S]:)ectroscope immediately. Tht^ relative conoentrations can then be read off 
from Fig. 1, the concentration of the solutions from which Fig. 1 was derived 
having been approximately th(‘ same as those found in extracts. The adjustment 
of the temperature is necessary in view of the observations of Hartridge [1923] 
that the mean position of the. a-band of oxyhaemoglobin changers with the tem- 
}>erature. A further necessary precaution is gentle treatment of the extract 
during reduction and reoxidation, as vigorous shaking produces cloudiness in the 
solution, a phenomenon reported by Douglas ct al. [1912J for dilute haemoglobin 
solutions. 

There is no reason to Ixilieve that a different relation will exist with the blood 
and muscle oxyluieinoglobins of other animals. Once tlu*n the mean positions of 
the a- bands of thes<' blood and muscle oxyliaemoglobins have been established, 
their concentrations ndative to one anothr^r in tissue extracts can b(‘ determined. 

Spertrophotometric determination of tlw concentration of the totaJ haemoglobins 
in extracts of muscle. For this purpose the oxy-com pound is unsuitable owing to 
the ease with whicdi inusclt^ oxyhat»raoglobin changes into muscle rnethaemo- 
globin. The carbon monoxide compound of muscle haemoglobin can be used but, 
as ThfX)roll [1934, 2J showed, it exhibits a relatively slight difference in its 
affinities for oxygen and carbon monoxide, so that the absence of oxygen must be 
cuisured. As mentioned above, shaking, or for that matter any treatment which 
leads to the forrnation of bubbles, causes a precipitation of material. This, un- 
desirable in itself, as being a direct source of Rpectrophotom<»tric error, may to 
some extent cause loss of haemoglobin by denaturation. 

The following procedure was applied: 10-15 ml. of the tissue extract were 
transferred to a larg<‘ vacuum tube, sodium hydrosulphite added in certain 
excess of the amount necessary to remove all oxygen and the air replaced by coal 
gas or carbon monoxide. The vacuum tube was then gently rotated for a few 
minutiis, after which a 1 ml. cell was complet(dy filled with the carboxyhaemo- 
globin solution and quickly covered with a cover glass so that no air bubbles were 
retained. The spectrophotometer readings were made immediately at 6300, 5600 
and 54(K)A. 

The concentration of ha<.unoglobin in tlu* solution was calculated with the 
help of the formula 2 

where e is the specific extinction coefficient, c is g. of haemoglobin per litre of 
solution, d is the thickness of the spectrophotoraetric cell and I^jl is the relation 
of incident to transmitted light. 

The only outstanding figures for the specific extinction coefficients of muscle 
and blood carboxyhaeraoglobins are those of the haemoglobins of the horse. At 
fifiOO and 5400A. the specific extinction coefficients of crystalline horse muscle 
carboxyhaemoglobin are 0-55 and 0-71 respectively from the figures of Thoorell 
[1934, 2] and of crystalline blood carboxyhaemoglobin 0-78 and 0-87 reapectively 
from the figures of Haurowitz [1934]. It was assumed that these spectro- 
photometric constants of the oarboxyhaemoglobins of the horse apply to the 
haemoglobins of the other domestic animals and that the specific extinction 



2J18 


R H. WATSON 


co<jfficient of a mixture of muscle and blood carboxyhaemoglobins will vary 
between these values in direct linear relation with their relative concentrations 
in the mixture. 

Having obtained the relative concentrations by means of the Hartridge 
reversion spectroscope, the spi*cifie extinction coefficient of the mixture could 
be calculated. The concentration of haemoglobin in the extract was then 


and in the tissue 


oWrved log /,// j 

lO.eraixturfi.rf 


obHorved lof' IJl . v 
10. c mixture. 


g./lOO ml., 


where is the volume in ml, of the tissue extract and w the weight of the tissue 
sample in g. 

The extinction at 6300 A. was always appreciable, tlioiigli according to 
Theorell [1934, 2] and Haurowitz [1934] it is negligible. In two or three cases 
where it was investigated, it was found that the absorjition was general through- 
out the red, there being a slight gradual increase from 6800 to 6000 A. As usually 
some faint opalescence was still present in the solution, it is considered that this 
absorption might have been due to it. In calculations, therefore, the values for 
were always the differences between log IJl at r>600 or 5400 A. 
and at 6300 A., this being considered to be a nearer approximation to the triu^. 
value. Appreciable absorption was found by Whipple [1920] in ibis region. 

Roche [ 1 932] having shown that the haematin of bloocl haemoglobin is identical 
with that of muscle haemoglobin, the experience gained in the course of the vrork 
indicates that the comparison of tin* acid haematin of tiie tissue extract with 
that of a blood standard may j)osscss advantages over the spectrophotometric 
estimation. Excellent colour matches have been obtained between acid liacmiatin 
solutions prepared from a solution of blood haemoglobin and from tissue (extracts, 
indicating that neither the different globin nor the protein content of the extract 
affects the dispersion of the acid haematin appreciably. As mentioned in the 
introduction, howfwer, there still remains the uncertainty as to th(^ amount of 
haematin other than that of haemoglobin origin which is extracted from the 
tissue. 

In Table 1 are presented the results of determinations made during the course 
of the work. The ox, sheep and pig hearts were obtained ov’^er a period of some 
months from animals at the slaughter house shortly after they kill(»d ; the 
“shin beef’’ came from a dressed carcass; the dog heart and leg (tame from the 
one animal shortly after it was killed. 

From the figures of Roche [1932], it would appear that the mean position of 
th(' a- bands of the muscle oxyhaemoglobins of the horse, sheep, ox and dog are 
very nearly the same, whilst that of the muscle oxyhaemoglobin of the pig is 
some 4—0 A. further towards the violet end of the s})eetrum. Observations on 
blood oxyhaemoglobin of the pig showed that the a-band here too is some 5 A. 
further towards the violet than is that of the oxyhaemoglobin of horse blood. 
On the basis of these observations, Fig. 1 has been applied directly in calculating 
the relative concentrations of the haemoglobins in extracts from ox, sheep and 
dog muscle and has been displaced 5 A. in calculating them in extracts of pig 
mus<3le. Th(i absolute ccmceiitrations reported are the mean of the figures obtained 
at 56(X) and 5400 A. The figures obtained at 5400 A. were always higher than 
those at 5600 A., the difference ranging from 3 to 15%. This is probably due in 
part to the presence of methaemoglobin and in part to general absorption. 
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Table I. Randmn observations on the concentration of 
haemoglobin in mtiscle. 




Moan position 
of a>band in 

% 

Cone, of 

Cone, of 



muscle Hb 

total Hb. 

muscle Hb, 

Tissue 

Dry matter 

extract 

of total Hb 

g./lOO ml. 

g./lOO ml. 

Ox heart 

21*61 

5860 

76*5 

0*80 

0*62 



5798 

70*5 

0*77 

0*55 

vSheep heart 

2M8 

5789 

45 

0*66 

0*30 



5790 

48 

0*07 

0*32 

Sheep heart 

18*78 

57iK) 

48 

(K51 

0*25 



5790 

48 

0*53 

0-25 



5797* 

67*5* 

0*35* 

0*24* 

Sheep heart 

— 

.5788 

42 

— 

— 

Pig heart 

21*75 

.5790*5 

63 

0*62 

0*39 



5789*5 

60 

0*59 

0*35 

Pig heart 

21*50 

5785 

46*5 

0*74 

0*34 



5786*5 

51 

0-70 

0*36 

Pig heart 

20*45 

5794 

74 

0*45 

0*34 



5794 5 

75 

0-47 

0*35 

Dog lioart 

28*55 

5788*5 

4.3 

0*52 

0*23 



5789*5 

46 

0*51 

0*23 

Dog Icg—gastroenemius 25*72 

5797 5 

<>9 

0*89 

0*62 

-f soleus 


5797*5 

69 

0*86 

0*59 

Shin bi'ef 

26*45 

580() 

94 

0*67 

0*63 



58(Mi 

94 

0*71 

0*67 

Shin beef 

— 

5805 

91 

— 

— 


* Extracted with diKiilkKl water. 


The differenc*(‘ in the rtdative concentrations of blood and muscle haemoglobin 
in heart and skeletal muscle was unexpected. The ‘‘shin beef" (Table I) was 
obtainenl afbt^r the carcass had been dre.s8ed, UndtT similar conditions Shenk 
et al, [1934] have found that iK)- 109% of the haemoglobin of the “rib-eye’’ 
muscle of the ox is muscle hacunoglobiii. 

The high relative conceuiration of muscle haemoglobin in skeletal muscle is a 
fact to be borne in mind in the study of the colour of meat. The actual concentra- 
tion of muscle haemoglobin found by Sheiik et al, in the “rib-e3>^e” muscle was 
0*30“-0‘45% of the tissue, though the values are probably somewhat low as 
water was used as extractant. The extensive figures of Wliipple [1926] show an 
apparent normal concentration of 0* 3-0-5 % muscle haemoglobin in the heart 
muscle and 0-6-0*8% in the gastrocnemius muscle of the dog. As mentioned in 
the introduction and further discussed below, it is also somewhat doubtful 
exactly how close these figures are. 

Soms obsermtions m Whipple's method of extraction, A sample of tissue was 
extracted with 0*1% ammonium hydroxide according to the procedure of 
Whipple [1926]. An absolutely clear filtrate was obtained only after filtering 
under gravity with a little aluminium hydroxide. At this alkaline reaction there 
is very little absorption of haemoglobin. 5 ml. of the haemoglobin extract thus 
obtained were diluted with 5 ml. of water, 2 ml. of approximately N HCl added 
and the solution set aside in the refrigerator. A standard blood acid haematin 
solution was simultaneously prepared and similarly treated. These acid hae- 
matin solutions were colorimetrically compared after 20-24 hours. 

Another sample of the tissue was extracted according to the method described 
above. To 16 ml. of the extract, 2 ml. of approximately N HCl were added and, 
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after 24 hours in the refrigerator, the resulting acid haematin solution was also 
compared with a simultaneously prepared solution of the blood acid haematin 
standard. The following are the results : 

Omcentration in tissue : Whipple’s method ... 13'42.r 

Cbncentration in tissue : method of complete extraction . . . 10’55a; 

where x was the concentration of haemoglobin in the blood solution from which 
the acid haematin standard was prepared. 

Calvo-Criado [1925] has shown that muscle tissue extract causes the break- 
down of haemoglobin. Whilst such a breakdown might account for some of this 
unexpected diflcrence between the results if the velocity of the breakdown were 
different in the two solutions, almost the whole diiferencx^ has been traced to 
another source, that of the uiiconsidered volume of the tissue in Whipple's 
method of extraction which becomes considerable owing to the imbibition of 
fluid. This was shown in the following mamier. Approximately 10 g. of sheep 
heart muscle tissue were made up to 50 ml. with 0*1 % ammonium hydroxide and 
set aside in the refrigerator at 2-4° for 20-24 liours. Tlit' mixture was then 
centrifuged and a known volume of the suptuiiatant fluid pipc^tted off and filterc^d 
clear. The removed haemoglobin solution was replaced by the same volume f>f 
0-1 % ammonium hydroxide, the mixture set aside in the refrigerator for a 
further 20-24 hours, centrifuged and the sujKTnatant fluid filten‘d clear. The 
densities of the colour in the two solutions were then compared. From the rat io 
of the colour densities, it needs but a simple calculation to arrive at the volume 
of the tissue. Th(‘ results obtained were 


Weight of tissue in g. 

Volume in ml. 

Volume ‘W 

84 

llo 


84 

12 6 

2.3 2 [ 

10 

12 8 

25-6 

10 

141 

28'2 


* Sonic of the same sample with which the comparison of the two methods was made. 

That imbibition of fluid by the tissue* has occurred is apparent, for after 
centrifuging barely 30 ml. of supernatant fluid were present. It would tints 
appear that the results given by Whipple’s method are somewhat high. It is 
perhaps (d* interest that throughout cry^stal-clear filtrates could only be obtained 
with the greatest difficulty when Whipple’s method of extraction w^as employixl. 

SUMMABY. 

1 . The total haemoglobins of mammalian muscle have been estimatexi by a 
spectrophotometric method, and a convenient method of quantitative extraction 
from well-ground muscle is described. 

2. The relative concentrations of blood and muscle haemoglobins in a solu- 
tion can be determined by the Hartridge reversion spectroscope. The muscle 
haemoglobin c*an then be estimated in muscle (x^ntaining blood. 

3. The colorimetric method of estimating haemoglobin by conversion into 
acid haematin wa>s found suitable for the muscle extract. 

4. The method of quantitative extraction gives results about 30% lower 
than the method of Whipple [1926]. 

5. A small number of estimations of muscle haemoglobin, chiefly in heart 
muscle, arc reported. Less muscle haemoglobin was found in the bullock’s heart 
than in shin beef. 



ESTIMATION OP MUSCLE HAEMOGLOBIN 


2121 


In acknowledgement, it may be mentioned that Mr J. Hammond, who was 
interested in the part muscjle haemoglobin might play in the colour of meat, 
suggested this work. Mr R. Hill throughout gave me the benefit of his experience 
and I am greatly indebted to him for his interest and advice. 


RKFERKNCES. 

Barcroft The rewpjratory function of the blood, JI, p. 41. (Cambridge.) 

(Jalvo-C’nado (1920). Biochtm, Z. 164, 61. 

Douglas, Haldane and Haldane (1912). ./. Physiol. 44, 275. 

Hart ridge (1923). Phh . Hoy. Soc. Land. A 102, 585. 

Haurowitz (1934), Tah. Ihol. Pariod. 4. 18. 

Roche (1932). Bi nd. Sor. Jhol. 110. 1084. 

8henk, Hall and King (1934). ./. Biol. CJhem. 105, 741. 

Theorell (1932). Blochvm. Z. 252, 1. 

(1934, 1). Bwchoit. Z. 268 , 46. 

(1934,2). Bw<hew. Z.2QS.orK 
- — (1934,3). Biochem. Z.2%B,U. 

(1934, 4). Biochvtn. Z.2e%,rX 

\Vlu}>ple (1926). Amer, J. Physiol. 76, 693. 



CCLIII. THE ASSAY OF FAT-SOLUBLE 
ANDROSTERONE-DIOL. 


By VLADIMIR KORENCHEVSKY and MARJORIE DENNISON. 

From the Lister Institute. 

(Received July 24th, 1935.) 

This paper is a continuation of the investigation which was started at the 
request of Prof. Ruzicka in order to study the physiological and possible patho- 
logical properties of his preparations of male sexual hormones. 

Tscherning as reported by Butenandt [1934] and Ruzicka et at. [1935] pre- 
pared a diol (C19H32O2) from androsterone. The activity of this substance on 
the comb growth of capons was about three times that of androsterone. From 
Tschopp’s experiments [Ruzicka et al. 1935, p. 213] one capon unit was found 
to be contained in about 15-20y of diol (6 days of injection, Tschopp's method), 
or in 50~60y (2 days of injection, Butenandt’s method), or in 33 y by Callow 
and Deanesly [1935]. The following experiments give the result of the assay on 
castrated rats of this diol received from Ruzicka. 

Technique. 

We shall call this diol preparation which is soluble in fat solvents and in oil 
“fat-soluble diol” in order to distinguish it from the esU^rs of diol from which 
it is possible to prepare watery solutions. 

The experiments were performed on 49 rats belonging to 10 litters. The 
number of rats, their age and average final weights are given in Table 1. 

Table I. Fat-soluble diol. 


Number of rats in each litter. Age and average final w eights of rats (g.) 
in each group of each litter. 





No. of 
days 
after 



Weights of rats 



No. of 

No. of 
rats in 

Age at 
castra- 
tion 

tion 

injection 

Control 

t — 

Hats injected 

with y 

> 

litter 

litter 

days 

started 

rats 

25 

50 

UK) 

2(H) 

350 

1 

r> 

24 

29 

188 

— 

— 

2(H) 

211 



2 

5 

25 

31 

226 


219 

— 

— 



3 

(> 

25 

31 

183 

— 

196 

— 

2(K) 



4 

0 

25 

31 

189 

— 


202 

— 



5 

5 

23 

31 

202 

— 

— 

— 

226 

— 

f> 

6 

23 - 

31 

197 

— 

— 

196 


199 

7 

4 

25 

29 

209 

— 

— 

— 

— 

208 

S 

5 

20 

30 

214 

220 

— 


— 



9 

4 

26 

30 

217 

192 

— 

— 

— 



10 

4 

26 

30 

184 

208 

— 

— 

— 




The solution of diol in olive oil was prepared in the same way as the solution 
of androsterone [Korenchevsky and Dennison, 1935]. We found that even with 
a 0‘2 % solution of diol in oil a few crystals were deposited on standing after 
the ampoules had been opened and part of the solution used. Therefore the 
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highest concentration used in our assay was 0-175% (350)/ in 0-2 ml. daily) at 
which concentration no crystals could be detected in the solution, even when 
kept for a considerable time. 


Effect on the seminal vesicles, prostate and 
prostate with seminal vesicles. 

As can be seen from Tables II and III and Figs. 1 and 2 the eflFect was 
considerably greater on the seminal vesicles than on the prostate. Therefore 
the weight of the prostate and seminal vesicles together showed a larger effect 
than that given by the prostatt^ aloru- (Table V, Fig. 3). There was no very 
definite difiference b(itween the results obtained from the actual weights and 
the weights per unit of body weight. 

Table II. Inflttence of fat-sohible diol on seminal vesicles. 

The average weights, actual and calculated per 2CKtg. of body weight, of the seminal v'esieles 
of tlie rats in each group of each litter and their j>en*entage increase after injection. 

liats injected with y 

No. of Control ‘ — — ^ 


litter 

rats 

25 

50 

100 

2 ot> : 

1150 

25 

50 

KX) 

2(X) 

350 



A. 

Actual 

weights, mg. 




increast 



1 

10 




29 

43 






190 

330 



2 

13 


25 

— 

. _ 

— 

— 

92 

— 





3 

10 


24 

— 

42 

— 


140 


320 

— 

4 

10 

.... 

— 

29 

— 


__ 

— 


— 

— 

5 

10 

— 


— 

35 

— 

— 



250 


H 

8 



23 

— 

35 

— 


187 

. ... 

337 

7 

10 

— 

... 

— 

.. 

39 

— 

— 

... 

— 

290 

8 

11 

20 

— 


— 

— 

82 

— 

— 

— 

— 

9 

12 

19 


— 

— 

— 

58 

— 

— 


— 

10 

10 

20 

--- 

- 

— 

— 

ItH) 

— - 

— 

— 

— 

Average 

10 

20 ~ 

25 

27 

40 

37 

80 

1J6 

189 

3(X) 

314 



li. 

CatmlaUMl 

Tier 2tH) g, 










of body 

eight, mg. 




increase 

A 


1 

11 

- 



29 

45 







164 

309 



2 

11 

— 

23 

— 




109 

— 

— 

— 

3 

10 


24 


42 

— 


140 

— 

320 

— 

4 

11 

— 

— 

28 

— 

- 

— 

— 

154 

— 

— 

5 

10 

— 

— 


33 

— 


— 

— 

230 

— 

0 

8 

— 

— 

23 

— 

35 

— 

— 

187 

— 

337 

7 

10 

— 

— 


— 

38 



... 

— 

280 

8 

u 

19 

— 

— 

— 

— 

73 

— 

— 


— 

9 

11 

20 

— 

— 

— 

— 

82 

— 

— 


— 

10 

11 

19 

— 

— 

— 

— 

73 

— 

— 

— 

— 

Average 

10 

19 

24 

"27~* 

40 

37 

7(5 

"125 

168 

286 

309 


The rat unit of dioL In agreement with our definition [Korenchevsky and 
Dermison, 1934, p. 1498], since 25y produced 48% increase in the actual weight 
of the prostate and 44% increase in the weight per unit of body weight, one 
rat unit of ‘'comb growth activity’' is contained on the average in about 21 y, 
whilst, since 25y produced about 53% increase in the actual weight of the 
prostate with seminal vesicles and 51% increase in the weight per unit of 
body weight, one rat unit of “whole male sexual activity is contained in 
about 19y. 
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These two values for diol are close to tlie value of the capon unit (15~20y) 
given by the experiments of Tschopp, mentioned above, in which diol was 
injected for 6 days, but art^ about one-third of that given by Butenandt's method 
(2 days of injection, 5()-60y per capon unit). 

Dix'ect experiments using these doses of 19 and 21 y were not carried out, as 
the curves for the prostate (Figs. 1 and 2) show that a linear relationship 
between the dose and the percentage increase may be assumed for the range 
()-50y. 

It is clear from Tables IT and Til that the valuer of th(> rat unit is different 
for different doses injected in solutions of different concentration, the higher 

Table ITT. Infiueiice of fai-sohiblc dial on prostate. 

The average actual and calculated jht 200 g. of body weight, of the prostate of the ratB 

in each group of each litter and their percentage increase after jnjt‘<*tion. 

Kat.s injected with y 

Xo. of Control ^ ' ^ 


litter 

rats 

25 

50 

100 

200 

350 

25 

50 

100 

200 

350 




A. Actual weights, mg. 




increase 


1 

52 




110 

139 

. ^ 

CT 



112 

167 


2 

54 

— 

101 

— 

- 


— 

87 

- 


— 

3 

52 

— 

99 

— 

J.58 

— 


90 

— 

204 

— 

4 

54 

— 

— 

122 

— 

— 

— 


126 

— 


5 

53 

— 


— 

1.36 


— 

- 


156 

— 

f) 

51 

— 

— 

108 


161 

-- 


112 

— 

216 

7 

59 


— 

— 

-- 

165 


— 


.... 

180 

8 

52 

78 

— 

— 

— 

— 

50 

— 

— 



9 

52 

72 

— 




.39 



— 


10 

51 

79 

— 

— 

— 

- 

53 

-- 

- 

— 

- 

Average 

53 

76 

100 

113 ' 

144 

i63~ 

48 

89 

in' 

176" 

198 




B. Calculated p 

er 200 g. 










of body weigh 

t, mg. 





i«eT<‘a.se 


1 

55 





112 

147 






104 

167 

' 


48 

— 

93 

— 

, — 

— 

— 

94 

— 



3 

57 

— 

100 

— 

J.58 

— 

— 

75 


177 

— 

4 

57 

— 

— 

121 

— 

— 

— 

— 

112 


— 

,5 

52 

— 

— 

— 

130 

— 

— 

- 


150 

.... 

f) 

52 

— 

— 

Ill 

— 

164 

— 

— 

114 


215 

7 

56 

— 

— 

— 

— 

158 

— 

— 

- 

— 

182 

8 

51 

72 

— 

— 

— 

— 

41 


— 

— 

— 

9 

48 

75 

— 

— 

— 

— 

56 

— 

— 


— 

10 

56 


-- 

— 

— 

— 

36 

— 

~~ 



Average 

53 

74“ 

97 

~115 " 

145 

wT 

44 

85~ 

"no 

16.3 

T99 


dosc‘s producing effects, which are not directly proportional, the increase in 
the effect being less than the con-esponding increase m the dose. This relation 
may be shown in the following way. If, instead of defining the rat unit as the 
minimum dose producing a 40% increase in the weight of the prostate (os 
required hy our method of assay), it were defined as the proportion of any dose 
giving such an increase, then the number of rat units injected for the doses 
used wotikl he as follows: 25y, 1-2b.it.; 50y, 2-2 R.u.; lOOy, 2-9b.u.; 200y, 
4*4 R.e.; 350y, 5 R.u.; or, on the basis of these calculations, one rat unit would 
appear to be contained in 21, 23, 34, 45 and 70y respectively. 

In order to explain the different effects of different concentrations, it will 
be necessary to inject different doses with a solution of a fixed concentration. 
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Effect on the penis and preputial glands. 

As can be seen from the figures of Tables IV and \ the effect of diol on the 
penis was much more regular and comparatively greater than on the preputial 

Table IV. Influence of fat -soluble dial on penis. 

The average weights, actual and calculated per 2(X> g. of body weight, of the penis of the rats 
in each group of each Utter and their percentage increase after injection. 

Rats injected with y 

No. of Control , — \ 


litter 

rats 

25 

50 

100 

2(M) 

350 

25 

50 

100 

2(K) 

350 




A. Actual weight 

B, mg, 




increase 

^ 


1 

86 




156 

170 


— 

— 

81 

98 


2 

93 

— 

145 

— 

— 

__ 

— 

56 

— 

— 

— 

.3 

84 


140 

— 

191 


— 

67 

— 

127 

— 

4 

81 

— 

— 

158 


— 


— 

95 

— 

— 

5 

95 

— 

— 

— 

170 

— 

_ 

— 

— 

79 

— 

6 

90 

— 

— 

158 


180 


— 

76 

— 

HK) 

7 

93 

— 

— 

— 

— 

189 

- 


— 

— 

103 

8 

79 

115 

— 

— 

— 

— 

46 

— 

— 

— 


9 

81 

104 

— 

— 

— 


28 

— 

— 

— 

— 

10 


107 

— 

— 


— 

32 

— 

— 

— 

— 

Average 

86 

109 

143" 

157 

177 

~ 185 

35 

62 

"si’ 

lol ’ 

102 



B. Weights per 

200 g. of body w 

eight, ing. 



iiKTease 


1 

92 




156 

182 

-- 



— 

70 

98 



2 

82 

~ 

134 

— 


- 

~ 

63 

— 


— 

3 

92 


143 


191 

- 

- 

55 

_ 

108 

- 

4 

86 

— 

— 

157 


— 

- - 


83 

— 

— 

5 

94 



— 

164 

— 

— 

— 

__ 

74 

— 

6 

91 


— 

163 

— 

183 



79 

— 

JOl 

7 

89 


— 

— 

— 

181 

— 


- 


103 

8 

77 

106 


— 

— 

— 

38 





9 

74 

108 


— 

— 

__ 

46 




— 

10 

88 

103 

— 

— 

— 

— 

17 



- 


Average 

87 

106 

”l39 

155 

179 

182 

' 34 " 

^59 

77 

S3 

1()2 
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Fig. 3. Relation l^tween dose of fat-soluble diol and % increase in actual 
weight of prostate weighed together with seminal vesicles. 
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Table V. Effect of f<it-8olvhle diol on prostate weighed with 
seminal vesicles and on preputial glands. 


OrffAim 

Prostate with seminal vesicles 
Preputial glands 


Average % increase in weight of 
organs of rats injected with 


Weights 25 

50 

100 

200 

350 

Actual 53 

03 

127 

196 

214 

Per unit body weight 51 

91 

118 

186 

235 

Actual 

9 

54 

78 

80 

Per unit body weight — 

8 

49 

67 

80 



Do^^s per day, y 

Fig. 4. Relation between close of fat-soluble diol and increase in actual weight of penis. 



Boses per day, y 

Fig. 6. Relation between dose of fat-soluble diol aud % increase in weight 
^ per unit body weight of penis. 


135-2 



2128 y. KORENOHEVSKY AND M. DENNISON 

glands, on which the smaller doses had no constant (25 y) or considerable (50 y) 
effect. 

The curves obtained for the effect on the penis (Figs. 4 and 5) fit all the results 
obtained closely. 

Effect on the fat deposition, the adrenals, the thyroid and the thymus. 

It is difficult to attach a definite significance to the effect on tliese organs, 
since th(j changes were small and only occurred in some cases. Sim^e, however, 
in the majority of rats the injections caused a decrease (per unit of body weight) 
in the weight of the adrenals (5-34%) and of the thymus (3-20%) it can be 
said that the effect was typical of a return towards normal in these organs. 

Statistical description of the citrines. 

d. JVl. C. Scott, under supervision of Prof. E. S. IVarson (Department of 
Statistics, University College), has represented graphically in tlu* form of the 
above curves the results of the assay. 

“The curves are approximately rectangular hyperbolas through the origin 

bx 

^ .r fa* 

These curves contain two adjustable constants a and h, but it is not easy to 
determine them by least squares. In practice therefore a curve 

hx , 

y — . — - - 

^ .-r +« (.c4-a)“ 

was constructed, where a was chosen beforehand and b and c wer(^ found by 
least squares. It can be proved that, if a is fairly near the correct value, the 
effect of the additional terra is almost ('xactly equivalent to that of ml justing a, 
but the procedure is now the much simpler one of fitting a quadrat ic.’^ 

Discussion. 

In Table VI, the data obtained in our prt^vious cxpt‘rimenls on androsterone 
[Korenclievsky and Dennison, 1935] are compared with th<? corresponding data 
of the effects of did on the sexual organs. 

Table VT. Comparison of the. effect of fat-soluble androsterone 
with that of fat-soluble dial. 

I II III IV 

Average Vo increase j)er 100 y 
for closes 


. A 

^ ^ 




200- 000 y 


2(K»y 




andro- 

2r)-2(K>y 

andro- 

2(Kly 

Organs 

Weights 

sterone 

diol 

Hteroiio 

diol 

Hi trunal vesic'les 

I Actual 

\ Per unit of body weight 

230 

220 

223 

210 

19 

14 

150 

143 

Prostate 

< Actual 

24-7 

144 

24 

88 

1 Per unit of body weight 

23-7 

135 

20 

83 

Pr(*«tate with 

( Actual 

24-3 

150 

23 

98 

seminal vesicles 

( Per unit of body weight 

23-3 

149 

18 

93 

TVms 

1 Actual 

no 

1(K) 

14 

51 


( Per unit of body weight 

10-3 

93 

9 

42 

Pn'jmtuil glands 

j Actual 

( Per unit of body weight 

18-0 

18-0 

37 

33 

29 

23 

39 

34 
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In making the comparison the average percentage increase in the weight of 
the organs per lOOy was chosen, using for both hormones those parts of the 
curves before the beginning of the pronounced flattening, for androsterone, 
the average percentage increase obtained after the injection of doses from 
200 to 900y (column T) and for dioJ of doses from 25 to 200y (column II). In 
addition a comparison was made of the effects of the dose of 200y, which was 
used in both the androsterone and diol experiments (columns III and IV). 

It is clear that the two substances differ considerably. The effect of diol on 
all tin? secondary sexual organs is much rnon» powerful than that of andro- 
sterone. Thus the eff(^ct of diol on the seminal vesicles is about 8-10 times 
stronger than that of androvsterone; on the y)rostate about 4-6 times and on 
the penis about 4 tirncvs with tlic higher dos(^s and 9 times with the calculated 
average dose. The effect of diol on the preputial glands is about twice that 
of androsterom*. « 

This difference* is also shown by the comparison cff the rat units of andro- 
sterone (J70y) and diol (about 21y, i.e. 8 times greater). 

Whilst the eff(*ct of androsterone on the* seminal vesicles is about the same 
as or a little l(*ss than that on the prostate, in the case of diol the former glands 
are stimulated more than the latter. 

A similar effect was also noted by Callow and Dcanesly [1935], who, 
simultaneously with ourselves, carried out t*xperiments using the principle of 
investigation advocat(*d by us, i.r. judging the effect by changes in the weights 
of the organs fixed in llouiirs sohition. 

A comparison of tlic* curves of increase in the weight of prostate in the andro- 
sterone assay [Ko^enchev^sky and Dennison, 1935] and the diol assay shows a 
furtluT difference — that, whilst the effect of androsterone is directly propor- 
tional to the dose within a comparatively large range of doses, this is not the 
case with diol. 

In capons the effect of diol was found to be three times stronger than that 
of androsterone. In our ])resent experiments tlie effect was found to be about 
eight times greater than that of androsterone. The data in(*ntioned above 
indicate the importance of making the assay on mammals, in particular on 
rats, siiK^e it s(*ems to be (‘asi(*r to differentiate betwec'n diol and androsterone 
on rats than on capons. For this purpose {a) the gnnit difference in the values 
of thf* rat units ami {b) the great difference in the effects on the seminal vesicles 
should be used. 

SUMMAKY. 

1. Pure crystalline androsterone-diol prepared by Ruzic^ka was dissolved in 
olive oil and assayed by the authors' method on 49 ratvS belonging to 10 litters, 
the results being graphically represented by the curv^es for the prostate, seminal 
vesicles and penis. 

2. One rat unit of comb-growth activity'’ was found to be contained in 
less than 25y, in about 21 y, whilst one rat unit of ‘'whole male sexual activity" 
was contaimd in about 19y. 

3. Thus, whilst on (japons diol was found to be about three times stronger 
than androsterone, using castrated rats its activity was found to be about eight 
times that of androsterone. 

4. In the assay of these two hormone preparations two features differen- 
tiate diol from androsterone: (1) the greater activity of diol as expressed by the 
rat unit and (2) its action in stimulating the growth of the seminal vesicles more 
than that of the prostate. 
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6 . The effect of diol on the penis and on the preputial glands is also greater 
than that of androsterone, the reaction of the penis being more pronounced 
and regular than that of the preputial glands. 

Grants from the Lister Institute and from the Medical Research Council 
have enabled us to carry out this work and to them our thanks are due. We are 
much indebted to Prof. E. S. Pearson, Mr J. M. C. Scott and the Department 
of Statistics of University College for the statistical investigation of the results 
obtained. We would also like to thank Messrs Ciba, Ltd., for 8uppl3dng the 
material and Mr T. F. Smart for his assistance in obtaining this material. 
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Rxjztcka et al. [1935] prepared a monosuccinie estcT of androsterone, of which 
Prof. Kuzieka sent to us two water-soiuble preparations for investigation: 
(1) the sodium salt and (2) the lithium salt. In the following thej^' will be 
designated as “w.-s. androsterone'’. We also received from Prof. Kuzieka a 
lithium salt of the monosuccinie estcT of anrlrosterone-diol, which will be desig- 
nated as '‘w.-s. diol.” 

Tschopp [Kuzieka et al., 1935, p. 213], using his method of injecting 
capons once a day for 6 days, found that 1 c.u. was contained in 80-~100y of 
W.-8. androsterone and (according to a personal communication) in about 200y 
of W'.-8, did. 

As in our preliminary exf)eriments the activity of w .-s. diol on castrated 
rats was found to be much greater than that of w.-s. androsterone, most of 
the experiments were performed with tlie diol salt; some of the experiments 
were carried out with the lithium salt of w.-s. androsterone. The results of 
these experiments are given in the present paper. 

Technique. 

The salts were received in solutions of known strength. They were distributed 
in ampoules and steamed for 30 min. on 3 consecutive days. Dilutions were 
prepared with distilled water, which in some preparations caused opalescence 
and the formation of a small amount of precipitate; this however did not 
interfere with the accuracy of the test. Before taking the solution into the 
syringe, care was taken to suspend the precipitate in the solution by stirring 
it well. 

The solutions were injected into the animals in quantities of 0-l-0*2 ml. 
per injection, each 0*1 ml. being injected into a separate place under the skin. 

Whilst in our experiments oily solutions were always injected twice daily, 
the water-soluble preparations were injected three times daily, between 9.30 
and 10 a.m., at 3 p.m. and between 9 and 11 p.m. This was done because it is 
well known that water-soluble hormones are usually qiiickl3’' absorbed from the 
subcutaneous tissue and quickly excreted or perhaps inactivated in the organism. 

Since, in our previous papers on assays, we have given a sufficient number 
of details in the form of tables, some of the detailed tables are omitted from this 
paper in order to economise space, 
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1. Water-solMe diol. 

Assay. Experiments were performed on 71 rats, belonging to 13 litters, 
castrated 21-26 days after birth. 

Seven days of injection were started 30-38 days after castration. The weights 
of the rats varied comparatively little, being between 183 and 234 g. at the end 
of the experiment. Daily doses of 97, 194, 389, 777, 1555 and 3109y wore in- 
jected, the total numl>cr of rats in each of the groups in jected with these doses 
being 10, 6, 9, 8, 9 and 4 r(ispectively. The total number of control rats was 25. 
The technique of assay was the same as that used in the previous paper. 

Effect on the secAjndary sexual organs, w.-.s. diol had a considerably greater 
effect on the seminal vesicles than on the prostate as is shown by Tables 1 and IJ 


Table L Inf uence of n .-.s. diol on setnmil vesicles. 


No 

of 

litter 

rh»‘ avpratrt* w 
it 

(\)nlr(j| 

ruts 

actual aiul ciilculateO per 200 of body wcij^ht, of tin* sciiiiiial vesicles of the rats 

1 each yrou}) of cad) litter and their perceiitujje increase after the injections, 

Kats inject ( h 1 with y 

101 

A. 

3h9 

Actual w 

777 1555 

eights, inir 

3100 

07 

104 

380 777 

*^*0 inciease 

1555 

3l(X) 

I 

la 

- 


Id 

(id 

108 





__ 

254 

w 

731 



U 

— 

— 

Id 


8<) 

- 


— 

22f) 

— 

53d 

— 


id 



- 

55 

— 

-- 

_ 

... 

— 

244 

— 

— 

1 

13 

— 


45 

_ 

101 


— 

— 

24t) 

— 

d77 

— 


13 


— 

— 

dh 


128 



— 

123 

— 

884 

<) 

12 



34 


00 



... 

183 

— 

725 

— 

7 

10 



— 

50 


185 

~ 

- 

— 

100 

— 

1750 


13 




- 


" 

5)2 

~ 


— 

„ 

— 

10 

iJ 

20 

27 







82 

147 








il 

10 

20 

25 


_ 

-- 

— 

OX.) 

150 


- 

— 

— 

12 

10 

22 

31 


— 

— 


120 

210 


— 

— 

— 

ja 

10 


30 


— 

- 


- 

2(X) 

- 

— 

— 

- 

Avt*ri^jc 12 

22 

28 

-13 ' 

d2 


157 

05 

ITT 

228 

391 

dd" 

1317 



11 

U eii/hts 

})<*!■ 2(X)ji hotly weijrht. 

nii:. 



‘^0 uicrcjise 



1 

12 



50 

dl) 

107 






317 

475 

701 



o 

J3 


_ 

43 



1)5 



- 


231 

— 

031 

— 

.a 

15 





If) 




— 

— 


227 

— 

— 

i 

12 


— 

41 



70 



... 

242 

— 

558 

— 

5 

12 

... 



57 


110 

— 

— 

— 

375 

— 

817 

ti 

12 

— 

— 

34 


})8 




183 

— 

734 

— 


10 

— 



53 


127 

_ 


— 

430 

— 

1170 

« 

11 

21 


— 



— 

— 

01 

— 


— 

... 

— 

9 

Jl 

20 




— 

— 

82 

— 

— 

— 

— 

— 

10 

12 

22 

28 

- _ 

— 

— 


83 

m 

.... 

— 

— 

— 

11 

10 

II) 

27 




— 

— 

fMj 

170 

— 


— 

— 

12 

iO 

22 

30 




— 


120 

2(X) 


— 

. - 

— 

13 

10 


30 




— 

— 

2(X) 

— 

— 

— 



Averofjti 12 


“'“24) 

42 

57 

05 

no 

93 

171) 

24;j 

377 

dsf ’ 

991 


and Pigs. 1 and 2. Therefore the effect on the prostate with seminal vesicles was 
also greater than that on the prostate alone (Table III, Fig. 3). The action on 
the penis and preputial glands was much less (Tables III and TV). The penis 
however gave a comparatively regular response to the different doses (see 
Figs. 4 and 5), whilst in the case of the preputial glands there was no such 
regularity. 

The rat unit Taking that part of the curve of the avaTage percentage increase 
in the weight of the prostate between 0 and 194y to be a straight line, 40% 
increase, i,e. one rat unit of “comb-growth activity” would be contained in 
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Table II. Inflvsnce of w.-s. diol on prostate. 

The average weights, actual and calculated per 200 g. of body weight, of the prostate of the rats 
in each group of each litter and their percentage increase after tlie injections. 

Rats injected with y 

No. of Control , ^ 


litter 

rats 

97 

194 

389 

777 

1555 

3109 

97 

194 

389 

777 

1565 

3109 




A. 

Actual weights, nig. 




o 

o 

increase 



J 

bd 





140 

109 

280 




112 

156 

324 


2 

52 

— 



IGl 

— 

293 

— 

— 

— 

2R> 

— 

453 

— 

3 

02 

— 





219 

— 

— 

— 

— 

— 

253 

— 

— 

4 

54 

— 

— 

ITG 



299 

- 


— 

220 

~ 

454 

— 

5 

50 






197 

— 

332 

— 

- - 

— 

294 

— 

5f)4 

6 

55 

— 

... 

15G 

— 

277 

— 

— 

— 

184 

— 

403 

— 

7 

51 

— 





230 


320 

— 

__ 


351 

— 

527 

8 

58 

92 

— 

— 

— 

— 

— 

5b 

— 

— 


— 

— 

9 

54 

97 




— 


— 

80 

— 

— 

— 

— 

— 

10 

55 

79 

110 



— 

— 

— 

44 

too 


— 


— 

11 

50 

84 

113 



— 

— 

— 

08 

120 

— 


— 

— 

12 

50 

73 

110 



— 

— 


46 

132 

- _ 

— 


— 

13 

61 

— 

105 


— 

— 

— 

— 

KHi 

— 

““ 

— 

— 

Average 

54 

85 

111 

158 

204 

287 

32h 

59 

no 

183 

204 

400 

546 



B. 

Weights per 2fX) g. body weight, rng. 



0 i 

>o 1 

increase 



1 

G2 




154 

177 

27G 






J48 

180 

345 



2 

51 


— 

152 


303 

— 

— 

— 

198 

— 

♦98 

— 

3 

GO 

— 

— 

— 

196 

— 



— 


227 

— 

— 

4 

53 

— 

— 

155 


261 

— 

— 

- 

192 

— 

392 

— 

6 

4G 


— 

— 

108 

— 

284 

— 

- 


205 

— 

517 

6 

64 

— 

— 

100 


275 

— 

— 

— 

too 

— 

409 

— 

7 

49 

— 

— 

— 

182 

— 

302 

— 

— 

— 

272 

— 

516 

8 

50 

80 

— 

— 

— 

— 


00 


— 


— 

— 

0 

51 

92 

— 

— 


— 

— 

80 

— 

— 

— 

— 

— 

10 

61 

8(> 

117 

— 

— 


— 

41 

02 


— 

— 

— 

]] 

48 

80 

122 

«... 

— 



08 

154 

— 

— 

- 

— 

12 

48 

72 

114 

— 

— 


— 

50 

137 

— 

— 

— 

— 

13 

49^ 

— 

104 



— 


— 

112 

— 


— 

.... 

Average 

52 

82 

114 

155 

181 

279 

293 

60 ' 

124 

f84' 

238 

411 " 

' 517 



Fig. 3. lielation between dose of water-soluble diol and percentage increase in actual weight of 
prostate weighed together with seminal vesicles. 



ANDROSTERONE-DIOL 


2135 


about 67 y. The rat unit of the ‘‘whole male sexual activity’’ (40% increase in 
the weight of the prostate with seminal vesicles) would be contained in about 
64y. These amounts of the water-soluble salt contain about 50 and 48)/ of pure 
diol respectively. 

Table III. Effect of diol on prostate weighed with 
seminal vesicles and on preputial glands. 

Average 'V) incToase in weight of organs 
of rats in jeotoH with y 


Organs 

Weights 

94 

194 

389 

777 

1555 

3109 

Prostate with 

1 Actual 

66 

125 

105 

290 

459 

638 

seminal vesicles 

( Per unit body weight 

66 

134 

194 

263 

457 

609 

Preputial glands 

( Actual 

( Per unit body w’cight 



63 

73 

5S 

55 

88 

89 

111 

111 

188 

176 


Table IV. Influence of w.-s. diol on penis. 

The avfrag*' weights, actual and calculat(*d per g. of body weight, of the penis of the rats 
in each group of each litter and tlicir percentage increase after the injections. 

Uats injected with y 

No. of Control , ‘ 


litter 

rats 

94 

194 

380 

777 

1555 

3109 

94 

194 

3b9 

777 

1555 

3109 




A. 

Actual weights, mg 




% increase in W'eight 


1 

115 




175 

195 

244 

'' 

— - 


52 

70 

112 



o 

94 



177 

— 

210 

— 

— 

— 

88 

— 

123 

— 

a 

m) 
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— . 

— 

209 

— 

— 

— 

— 

— 

132 

— 

— 

4 

90 



170 
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227 

— 


— 

80 

— 

152 

— 

r, 

90 

— 

— 

— 

198 

— 

237 


— 

— 

120 

— 

163 

(i 

91 

- 


10(5 

— 

232 

— 

— 

— 

72 

— 

155 

— 

T 

79 

— 

— 

— 

162 



200 

— 

- 

— 

105 

— 

165 

8 

78 

10(5 

— 

— 







3(5 

— 

— 

— 

— 

— 

9 

76 

10(5 

— 

-- 







40 

- , 

__ 

— 

— 


10 

74 

111 

133 

__ 

— 

— 



50 

80 

— 


— 

— 

11 

74 

1(15 

123 






— 

42 

('56 

— 

— 

-- 

— 

12 

74 

101 

116 









36 

57 


— 

— 

— 

18 

76 


117 


— 


- 

- 

54 

— 

— 

•— 

— 

Average 

8i> 

10t5 

122 

170 

101 

203 

223 

41 

04 

75 

107 

130 

164 



B. 

V\ eights per 2(K) g. IkkIj* weight, iiig. 



increase 

















1 

108 

— 


188 

204 

243 

— 


— 

74 

89 

125 

— 

O 

92 

— 

— 

16<5 

— 

221 

— 

— 

— 

80 

— 

140 

— 

3 

87 

— 

— 

.. 

187 

— 

— 

— 

- 

— 

115 

— 

— 

4 

88 

— 


140 



14(5 
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- 

— 

60 


GO 

— 

5 

83 

— 

— 

— 

164 

— 

203 
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— 

08 

— 

145 

6 

90 

— 

— 

UK) 

— 

230 

— 

— 

— 

78 

— 

156 

— 

7 

80 

— 

— 

— 

146 

— 

106 

— 

— 

— 

83 

— 
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8 

08 

03 



— 

— 

— 


35 

— 


— 

— 

— 

9 

71 

100 

— 

— 

— 

— 

— 

41 

— 

— 

— 

— 


10 

82 

120 

142 


— 

— 


46 

73 

— 


— 

— 

11 

71 

95 

183 

— 

— 


— 

37 

87 

— 

— 

— 

-- 

12 

71 

99 

114 

— 

— 

— 

— 

30 

Cl 

— 


— 

— 

13 

72 

— 

U() 



— 

— 

— 

01 

— 

— 

— 

— 

Average 

82 

“““iiTf 

120 

166 

175 

210 

200 

W 

71 

75 

96 

122 

145 


Effect on the other organs and tissues. Changes of less than 10 % in the weights 
of the organs were not taken into consideration. There was no change in the 
gain in body weight during the period of the injections. Of the 14 groups in- 
jected there was a slight increase in the fat deposition in 10, as judged by the 
increase in weight of the intra-abdorainal fat (13-06%). In most groups (9 out 
of 14) the adrenals decreased slightly (11-36%) and thyroid increased slightly 
(10-52% in 8 out of 14 groups). There was also a decrease in the weight of the 
thymus in most groups (13-38% in 9 groups). 
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The hypophysis was examined in only six litters and in five of the litters 
the hypophysis of the rats injected with did decreased by 10-27 % . 

Although all the changes which have been mentioned above were small and 
not invariably present, the direction of the changes was specific for the respective 
organs of castratc^d rats, in which the injection of testicular hormone is causing 
a return towards the normal condition. 

No changes were found in the weight of th(^ liver, kidneys, spleen or heart. 

Tl. Water -Holiihle. androsterone. 

Assay, Experiments were perfoi*med on 28 rats belonging to five litters, 
which were similar in age, weight and age at castration to those used in the 
did assay. The numbers of rats used in the dilferent groups w(n*e: control rats 9, 
rats injected with 1993, 398(>, 7971, 11957 and 15942y — 9, 6, 5, 3, 3 and 2 
respectively. 

The effect of water-soluble androsterone an the secondary sexual organs and a 
cofnjjarison with the effect of pyre androsterone^ dissolved and injected in oil. The 

Table V. Influence of h .-s. androsterone on prostate and on 
se m i>ial vesiclxs . 

The averajje Aveights, actual and calculated per 2<K) g. of botiy weight, of the prostate 
of the rats in each grouji and their pcrcjentagc im reaKe after injections. 


No, Hats injei’ted witJi y 


of 

( 'ontrol 




. 

•- 





.. 



litter 

rats 

*996 

6986 

7971 11957 

15942 

1996 

6986 

7971 

1 1957 

15042 

PnhHfatc. 



A. Actual weights, mg. 



increase in 

weight 


14 

52 

74 







'42 









ir. 

5:1 

75 


154 


42 



190 

— 

lb 

56 

76 

... 

194 

— 

68 
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— 

266 


17 

49 

— 

95 

— „ 

181 

— 

{)4 

— 

— 

270 

18 

49 

- 

107 

151 



118 

208 

- 

— 

Average 

51 

74 

JOl 

e- 

181 

41 

106 

208 

228 

270 




H. W'eights p<»r 2(H) g. 










holly w'eight, mg. 




increase 


14 

48 

71 

„ 





48 








15 

50 

72 

— 

156 

— 

44 



206 

— 

lb 

50 

79 

— 

197 


58 

— 


294 

— 

17 

46 


84 

— 

166 


86 

— 

— 

261 

18 

48 

— 

107 

148 

— 

... 

123 

208 

— 

— 

Average 

48 

74 

96 

148 17-> 

166 

50 

106 

208 

250 

261 

Semi mil vesirk-^. 


A. Actual weights, mg. 




% increase 








r 





14 

12 

16 

— 




8 

— 

— 

- 

— 

15 

11 

16 

— 

40 

— 

45 

— 

— 

264 


16 

11 

15 


47 

— 

36 

- 

— 

327 

— 

17 

12 



27 


44 

— 

125 


— 

266 

18 

12 

— 

18 

24 — 

— 

— 

50 

100 

— 

— 

Average 

12 


26 

24 44 

44 

3() ”” 

88 

100 

296 

266 




B. Weights per 2(K) g. 










Ixxly 

w eight, mg. 




increase 













14 

11 

16 





z? 

18 

— 

— 

— 

— 

16 

11 

16 



40 

— 

45 

— 

— 

264 

— 

16 

U 

16 



— 48 

— 

45 

— 

— 

386 

— 

17 

11 



24 

— — 

41 

— 

118 

— 

— 

273 

18 

11 

— 

18 

60 — 

— 

— 

64 

176 

-- 

— 

Average 

11 


21 

60 44 

41 

66 

91 

173 

300 

273 
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curve (not given here) representing the percentage increase in the weight of the 
prostate with different doses approximated to a straight line with the smaller 
doses, i.e. between 1993 and 797 ly, after which there was a definite flattening of 
the curve (Table V). This also occurred with the pure preparation [Korenchevsky 
and Dennison, 1935, 1, Figs. 1 and 2], 

The greatest average percentage increase in the weight of the prostate ob- 
tained with the water-soluble preparation (270 % actual weight) was also nearly 
the same as the highest average value given by the fat-soluble preparation 
[277%; Korenchevsky and Dennison, 1935, 1, Table 11, dose 1350y]. 

The reactions of the seminal vesicles were also similar with the two prepara- 
tions, the percentage increase being in most cases equal to or a little less than 
that of the prostate (though occasionally with some doses the increase of the 
seminal vesicles was somewhat larger than that of the prostate). Therefore the 
average figures of the ratio of the prostate to seminal vesicles wen' greater than 
100 for both preparations (Table VIll). The greatest average percentage in- 
creases obtained in the weights of the seminal vesicjles with the two preparations 
were also similar, being 287 % with fat-soluble androsterone [Korenchevsky and 
Dennison, 1935, 1, Table VI] and 300% with w.-s. androsterone. 

This same similarity in maximum reaction to the two preparations was also 
seen with the penis, in which the greatest average percentage increase was 
118% with the fat-soluble and 110% with th(' water-soluble preparation. This 
organ also showed the same flattening of the curves of percentage increase in 
weight with the higher doses (see Table VI, this paper, and Table VI, Koren- 
ehevsky and Dennison [1935, 1]). 

Table VI. Effect of androsterone on prostate weighed with 
semhial vesicles^ penisy preputial glands and thymus. 


A%^eragc change in weight of organs 
of rats injected with y 


Organs 

Weights 

1903 

3986 

7971 

11957 

15942 

i*ro8tato with 
seminal vesicle 

1 Actual 

( Per unit body weight 

+ 35 
+ 40 

+ J03 
-f KM) 

+ 198 
+ 202 

+ 240 
+ 259 

+ 269 
+ 263 

Penis 

j Actual 

( Per unit l>ody weight 

+ 17 
+ 23 

4- 54 
+ 51 

+ 43 
+ 46 

-r 95 

+ 110 

+ 107 
+ 107 

Preputial glands 

J Actual 

1 IVr unit body weight 

-32 
+ 37 

+ 74 
+ 72 

+ 69 
+ 68 

+ 94 
+ 112 

-4- 70 
+ 73 

Thymus 

j Actual 

( Per xinit body weight 

-15 

-11 

- 24 

rc 0 

- 14 

- 9 

- 33 

- 28 

00 X 

1 1 


The reaction of the preputial glands was less with the water-soluble than , 
with the fat-soluble preparation (see the same tables), the largest figures of 
percentage increase being 112 and 164 respectively. The reaction of the pre- 
putial glands however is always so irregular that it is not possible to attach 
much importance to this difference. 

With nearly all the doses used the weight of the tJi3rmu8 decreased slightly 
(Table VI). There was no change in the fat deposition. The other organs were 
not investigated in these experiments. 

The rat unit of w.-s. androsterone. The curve of the percentage increase in 
the weight of the prostate over the range 0-7971 y approximates to a straight 
line, i.e. for this range a direct proportional relationship between the dose and 
the effec t may be assumed. This is seen particularly clearly in the average 
figures p( r 200 g. of body weight (Table V). It therefore seems to be justifiable 
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to calculate the rat unit from the average of the effects produced by the doses 
within this range, i.e, by 1993, 3986 and 7971 y. In this case one rat unit 
of “comb-growth activity” is contained in about 1*6 mg. and one rat unit of 
“whole male sexual activity” in about 1*7 mg. These quantities of the water- 
soluble androsterone salt contain about 1*19 and 1-21 mg, of pure crystalline 
androsterone. 

Since one rat unit was contained in about 170y of pure androsterone dis- 
solved in oil [Korenchevsky and Dennison, 1935, IJ, we must conclude that 
androsterone administered as the pure substance dissolved in oil is more active 
than the water-soluble salt of the estcu*. 

Statistical description of the. curves. J. M. 0. Scott, under dnection of Prof. 
E. S. Pearson (Department of Statistics, University College), has represented 
graphically in the form of the above curves tlie results of the assay, and the 
same statistical method as used in th<‘ previous paper [Korenchevsky and 
Dennison, 1935, 2] was again employed. 


Discussion. 

The comparison of the effects of water -soluble dial and fat-soluble diol. 

Since each of the preparations used was injected in different doses, it is not 
easy to make a cornparisou of the two preparations. Some of the figures in the 
tables of the prendous and present pa])ers however provide suitable data, and 
other data are summarised in Table \T1, in which only the actual weights are 
tabulated since they differed little from those per unit of body weight. 

Table \T1. Comparison of the effect of rr.-.s\ d/oi* with that of 
fat -soluble diol. 

increase in weight of organs per KK)y 
of the iigeeted closes 




Doses* 



Prostate t 



Preparations 

injected 

JSeminal 


seminal 


Preputial 


of diol 

y 

vesi(4eb 

Prostate 

vesicles 

Penis 

glands 

1. 

Fat-soluble 

100 

189 

117 

127 

84 

54 

2. 

\Vater-8oluble* 

100 

124 

79 

87 

19 

— 

3.| 


i 

320 

192 

212 

140 

— 

4. 

i Fat-solubJo 

50 

232 

178 

18(3 

124 

18 

5. 


I0(» 

189 

117 

127 

84 

54 

6. 


200 

150 

88 

98 

51 

39 

7.J 

1 

1 350 

90 

57 

61 

29 

23 



{ 

128 

80 

89 

55 

— 


148 

120 

78 

84 

43 

43 

10. 

Water-soluble* 

J 295 

77 

62 

6(3 

25 

20 

11. 

.. 

1 580 

67 

46 

50 

18 

15 

12. 


lUU 

57 

35 

40 

12 

10 

13.; 


12321 

57 

24 

27 

7 

8 

14. 

Fat-soluble 

j Av. for doses 

1 26-^200 

223 

144 

156 

100 

37 

15. 

W^ater-soluble* 

Av. for all doses 

84 

54 

59 

27 

19 


♦ Doses for w.-s. diol are given as the amount of cryst. diol contained in the water-soluble salt. 


(1) It can be seen from Tables II to IV of the previous paper that in all the 
organs a shajpp flattening of the curve occurs after the injection of 2(X)y of fat- 
soluble diol, whilst after the injection of the water-soluble salt containing 2321y 
of pure diol (the highest dose used) sharp flattening had still not been reached. 
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Thus, with 350y of “fat.-sol. dior* the percentage increases in the actual 
weights of the seminal vesicles, prostate and penis wert^ 314, 108 and 102 respec- 
tively and with 2321 y of diol in the “w.-s. salt’’ were 1317, 546 and 164 
respectively. 

With the fat-soluble prei)aration therefore a very pronounced flattening of 
the curves occurs with mu(;h smaller doses than with the water-soluble prepara- 
tion. This explains why it is possible to obtain a much great/^T increase in the 
wtdght of the atro})hied organs by the injection of the water-soluble preparation 
than with the fat-soluble prej)aration. 

(2) The stimulation of the growth of the organs with both the fat-soluble 
(lines 3-7, Table Vll) and the water-soluble (lines 8-13, Table VII) prepara- 
tions becomes less per unit (lOOy) of the preparation as tli(' dose is increased. 

The fat-soluble preparation however pro(lu(*es a great(*r effect per lOOy 
than the water-soluble preparation (compare line*s 3-7 witJi liiU's 8-13, Table Vll). 

This difference is seen particularly clearly if similar doses are chosen. Since 
the doses 74 and 148y (lines 8 and fl, Table \'1I) of w.-s. diol produce nearly 
the same effect per unit dose, this eff(H*t would j)resumal)ly be produced by all 
doses between 74 and 148y, including the dose lOOy, the probabk‘ effect of 
which is interpolated in line 2 of Table VTl. The dose lOOy of fat-soluble diol 
was actually used for inje(;tion (line 1, Table VIT). Com]:)arison of the (‘ffects of 
lOOy of the two preparations shows that the fat-soluble prt*})aratiou prodiu'cs 
a considerably^ greater effect than that produced by the watcT-solublcj prepara- 
tion. 

In spite of this, howev(‘r, the increase in the effect by inen*asing the larg(^ 
doses and thus producing the largest possible reaction was, as stated in the 
previous paragraph, more pronounced in the case of th(‘ water-soluble prt^})ara- 
tion. This is of course only true for the concentrations of fat-soliiblo diol used. 

(3) The two previous sections have des(*ribed tht" differences betwecTi the 
water-soluble and fat-soluble preparations. The points of similarity h(*twet*n the 
two substances have already Inieii mentioned in this and the pr(‘vious pape‘rs. 
With both preparations the “effect per lOOy’* d(»ereases as th«^ dose* increases 
and the stimulation of the growth of seminal vesicles is gn^ater than that of 
the prostate. 


The difference between the acfimis of diol and of androMeronr . 

As far as can be judged from experiments of 7 days of injeetiori, the chi(d‘ 
differeuice between androsterone and diol is that aiidroskTone does not stimulate 
the growth of the j>rostate and seminal vesicles in a normal rdation, as is done 
by diol. This is true for both the fat-sohihk^ and water-soluble preparations. 

The seminal vesicles atrophy after castration to a much great(‘r extent than 
the prostate, the average weights of the seminal vesicles and prostate 30 days 
aftc^r castration being about 10-12 mg. and 50-55 mg. respectively. Since the 
weights of these two glands are approximately equal in the normal adult rat, 
it is ck^ar that, if both these structures an* to be restored to the* normal condition, 
injtietions of the hormone should produce a gn^ater peri'entago increase in the 
weight of the seminal vesicles than in that of the prostate. 

The* ratios of-, - x 100 for both water-soluble and fat- 

% nusrease of seminal vesicles oxjiuuik. aim xav 


soluble yireparations of androsterone and diol are given in Table VTll. It can be 
clea.rly seen from this table, that whilst for androstcjrone on the avc^rage this ratio 
is greater than 100, for diol it is about 60, i.e, whilst androsterone stinudates 
the growth of tlie seminal vcvsicles and prostate (equally in most of the rats and 
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Table VIII. Ratio ( x 100) of ptrcmitage imrmst in weight of prostate to that of 
seminal vesicles after injection of different doses of fat-soluble and water- 
soluble 2 )reparations of awlrosterom and androsterone-diol. 

Andrusterone Androsterone-diol 


^ ^ ^ .■> ^ 

Fat-s<»lublo AVaU*r-solublf‘ Fat-.sfiluhle Water-suluble 





( 

A 


^ 

.V — ^ 

^ 

A 


Ratio prostate to 


Ratio prostate to 


Ratio pr( (State to 


Ratio prostate to 


seminal vesicles 

^ . K. ^ 


seminal vesicles 

A 


sf'tmnal vesicles 


seminal vehicles 

A 


Weights 


' 

Weights 


Weights 


Weights 

Doses 

per unit 

Doses 


per unit 

Duses 

per unit 

Doses 

per unit 

injected 

Actuiil body 

injected 

Aetual 

bfKly 

injected 

Actual body 

injected 

Actual body 

y 

weights weight 

y 

weights 

weiglit 

y 

w <dglit.s weight 

y 

weights weight 

200 

126 m 

1993 

139 

149 

25 

00 58 

97 

02 65 

450 

94 93 

398(i 

120 

113 

50 

77 08 

191 

6(i 70 

m) 

81 80 

7971 

308 

130 

UK) 

02 05 

389 

80 76 

m 

131 J31 

1 1957 

77 

b3 

2fK) 

59 58 

777 

08 63 

1350 

117 118 

15913 

102 

90 

350 

0.3 01 

15.55 

01 60 

IttOO 

9U 80 

- 

— 




3109 

41 52 

Average 

m 1(H) 


129 

112 


0.4 03 

__ 

63 63 


in Konie has ev(‘n more effect on the prostate than on the seminal vesicles, diol 
produce's a greater effect on the seminal vesicles than on the prostate. Thus 
diol produces a return towards the normal ratio in the development of these 
glands, whilst andrf)steron(' is unable to do so. In 7-day experiments maximum 
doses both of w.-s. and f.-s. preparations of androsterone produced about the 
same effects in spitt' of great quantitative difference of these doses: whilst the 
maximum dose of diol in w.-s. form had greater action than that of f.-s. 
preparation. 

These dissimilaritit's in the reaction of the seminal vesicles and in the values 
of the rat units an' th(‘ chi(‘f differences between the androsterone and diol 
pre})arations. As th<> reaction of the seminal vesicles is not always so regular 
as that of tlie prostate, the introduction of one more rat unit (measuring the 
activity in producing growth of the seminal vesicles) would present difficulties. 

On the other hand the unit of ‘‘whole male sexual activity” does nob demon- 
strate sufficiently sharply this im])ortant difference between the reaction of the 
seminal vesich's and of the prostates 

Therefore in assays made by our method we suggest the adtlitional use of the 
ratio — percentage inci*eaBe in weight of prostate to that of the seminal vesicles — 
which, considered in conjunction with the size of the rat units, may serve as an 
important point for differentiating between the two substances. 


The difference in the effects on capons and on castrated rats. 

As was stated at the beginning of the paper, Tsohopp found that the activity 
of water-soluble androsterone (c.r.=8(b-100y) on the comb-growth of capons 
was about twice that of water-soluble diol (c.ir. = about 200y). 

As compared with this ratio the reaction of castrated rats was found to bo 
entirely different, both quantitatively and qualitatively. We found that one 
rat unit was contained in about 1600y of w.-s, androsterone and in 67y of 
w.-s. diol, i.e. diol was about 24 times more active than androsterone. Therefore 
with these two preparations, the reactions of capons (Tsohopp’s values) and 
rats show an inverse relationship. 

Bioohem. 19S5 xxix 
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Since the human being is a mammal, the importance of making an assay 
on mammals (in particular on rats) in addition to the comb-growth assay is thus 
emphasised. Sooner or later the results obtained with birds must show differ- 
ences from those on mammals and of this the above is a good example. 


Summary. 

1. The water-soluble lithium salt of the monosuccinic ester of androsterone 
and the water-soluble lithium salt of the monosuccinic^ ester of androstcrone-diol 
were assayed on 99 rats belonging to 18 litters, and the effects of these substances 
compared with those of pure androsterone and |)iire did dissolved in oil. 

2. The chief effects of the water-soluble and fat-soluble preparations of 
androsterone were similar, as was also the case with the two prc})arations of did. 

3. The chief point of similarity in the androsterone preparations was that 
the average effect on the prostate was about the same or a little greater than 
that on the seminal vesicles. The average ratio (x 100) of the incTease in the 
prostate to that of the seminal vesicles (actual weights) was 100 for the fat- 
soluble and 129 for the water-soluble preparation. 

4. The main points of similarity between the diol preparations are (i) the 
greater quantitative effecjt as compared with the androsterone preparations 
and (ii) the fact that they stirnulak^ the growth of the seminal vesicles more 
than that of the prostate, th(' average ratio ( x 100) of the percentage* increase in 
the prostate to that of the seminal vesicles (actual weights) hving 04 for fat- 
soluble and 03 for water-soluble diol. 

5. Therefore, in addition to the difference in the value of the rat units, the 
difference in this ratio must be considered as one of the important jK>ints 
distinguisliing diol from androsterone in assay experimemts on rats. 

0. The rat unit of ‘'comb-growth activity'" was contained in about lOOOy of 
water-soluble andro.stej'one and in about 97 y of water-solubh^ diol. 

7. Whilst the ratio of the rat unit of purti androsterone to the rat unit of 
the water-soluble salt of the ester was about 1/9, the ratio for the corn*sponding 
diol preparations was about 1/3. 

8. Whilst on capons it was found that water-solubh* androsterone was about 
twice as active as water-soluble diol, in the present experiments on rats diol 
proved to be about 24 times more active than androsterone. 

9. Other points of similarity and difference between the* preparations of 
androsterone and andi’osterone-diol were discussed. 

Grants from the Lister Institute and from the Medical Rt^search Council 
have enabled us to carry out this work and to them our thanks are due. We are 
much indebted to Prof. E. S. Pearson, Mr J. M. 0. Scott and the Department 
of Statistics of University College for the statistical investigation of the results 
obtained. 
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Until lately the study of the metabolism of fatty acids has depended on methods 
with which it is difficult to obtain qiiantitativ^e results and comparisons. 

Recently, how^evc^r, Quastel and Wheatley [1933] have foimd that fatty acids 
are oxidised at considerable rates by slices of liver in vitro and give as one of 
their oxhiation produc ts acetoacetic acid, as in the body. Modern rnicromano- 
metric te'chi)i(][ue can, theredbre, now' bc^ applied to problems of fatty acid meta- 
bolism. 

In the present work a study has b(»en madc^ of the kinetics of the oxidation of 
butyric, erotonic and /3-hydroxy butyric acids by the liver of the guinea-pig, and 
this has UhI to a partial elucidation of the mechanisms by which these substances 
are oxidised to acetoacrciac acid. 

Exckrimental methods. 

The manometric methods of Warburg [1926] have been used throughout. 
Measurememts of respiration have been made by immersing tissue slices in a 
medium containing sodium /8-glyc‘erophosphati» as buffer, 0-2 ml. of 6% KOH 
being present in a side-tube of the manometric vessel. Estimations of acetoacetic* 
acid have been made* in the solutions after removal of the tissue slice's. The 
experimental ])eriod has usually been two hours at 37"'. The mean rates for 
respiration refer to thc^ period ^ to 2 hours and those for acetoacjctic acid forma- 
tion to the peniod 0 to 2 hours. 

In accordance with the notation introduced by Warburg, the respiration 
) is defined as the numbe^r of fx\. of oxygen (reduced to n.t.p.) absorbed per 
mg. dry weight of tisstie per hour, and the rate of production of ac'etoacetic acid 
{Q\, ) similarly defined in terms of gas evolution. Our manometric method of 
estimating acetoacetic acid gives an evolution of one molecule of carbon dioxide 
per molecule of acetoacetic acid. Hence cmii be regarded as measured in 
terms of volumes of CO 2 , or, according to the usual convention, as measured in 
terms of the volume which acetoacetic acid would occupy if it behaved as a 
perfect gas at n.t.p. 

Media. All solutions have been so made up as to have an osmotic pressure 
approximately equal to that of 0-161/NaCl. Uni-univalent salts employed are 
made up in stock solutions to 0*163/, or to submultiples of this strengtli, dilu- 
tions being made with 0*16i/NaCl. Salts of other valoncy-types are made up to 
the appropriate strengths, e.g. sodium fumarate to 0*1073/. With solutions so 

^ Beit Memorial Research Fellow. 
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made up, the medium in which the tissue is immersed can readily be made 
isotonic by mixing the various stock solutions. 

The volume of medium used in each vessel has been usually 3*2 ml., this 
choice of volume being convenient for performing dilutions. The volume is made 
up to 3*2 ml. with l)*163/ NaCl after all other desired substances are present. 
The (‘omposition of a typical medium is as follows : 


Sodium gl vcerophosphate ... ... 0-067 M 

KCl 0002 Jf 

CaClg O-OOlJlf 

Sodium butyrate 0*01 M 

NaCl 0*0513/ 


In all media employed, unless otherwise stated, the concentration of K+ is 
0*0023/, and that of Ca++ 0*0013/. 

Glycerophosphate bv^ffer, Quastel and Wheatley [1933] found that phosphate 
inhibited partially the oxidation of butyric acid to acetoacetic acid by liver. 
Phosphate buffer solutions precipitate calcium ion and cannot be used in a 
medium of the Locke type. Following Quastel and Wheatley, we have therefore 
adopted sodium j8-glycerophosphate as a buffer. The salt is brought to Pn 7^4 
with HCl, and a 0*1053/ solution is used, of which usuaUy 1*9 ml. are present in a 
total volume of 3*2 ml. 

jVccording to Meyerhof and Kiessling [1933] for j8-glycerophosphoric 
acid is about 6*33; hence at pjj 7*4 the buffering action is weak, particularly in 
the direction of rising pjj . Quastel and Wheatley [1934] reported a drop in pjj of 
about 0*2 during experiments of 3 hours’ duration with guinea-pig and rat liver 
slices. Glycerophosphate solutions undergo hydrolysis on keeping, with libera- 
tion of phosphate and fall of Pfi . They may however be kept several days at 0 ' 
without much change. 

Tissue slices. It has been found that the accuracy of the experiments depends 
mainly on the use of slices of similar thickness throughout any one exi)eriment. 
The thickness of slices used varies from one experiment to another, but has 
usually lain between the limits 0*25-0*45 mm. Several slices are commonly 
f'mployed in (?ach vessel, since the total dry weight desired has usually be<ui 
]5-'25 mg. The use of several sUces appears to help to smooth out differences of 
behaviour. 

Livers. The livers of young guinea-pigs, mainly of weights 270-330 g., fed on 
bran, oats and greens, have been employed. The animals were bled from the 
throat before removing the livers, the blood of which is therefore partially 
removed. 

Neutralisation of acids. All fatty and other acids are neutralised before use, 
solutions of tlK* sodium salts being prepared. 

Manometrir estiwation of acetoacetic acid. As was found by Quastel and 
Wheatley [1933], acetoacetic acid can be estimated manometrically by measure- 
ment of the volume of gas producid in its breakdown to acetone and carbon 
dioxide, aniline being tised as a catalyst for the process. 

Acetoacetic* acid breaks down spontaneously in solution, giving the same end- 
products exe(*pt in very alkaline solutions [Widmark, 1920]. The rate of break- 
down is slow in neutral solutions but becomes faster in acid solutions. Below 
are given some data on this point calculated from the measurements of Widmark. 

Values of the rate of docom|K)sition have also been measured by us mano* 
metrically, and are summarised in the last column of the table. The agreement 
with the figures of Widmark is quite satisfactory. 
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Decomposition of acetoacetic acid at 37^. 


% decomposition 


4-„„i (min.) (W.) 

Ph 

In 15 min. 

In 2 hours 

4*1, (J. and Q.) 

4-5 .10-» 

<2-0 

0-5 

41*7 

4*8.10-® 

1-31 . 10-» 

4 0 

l-O 

14*0 



5-8 .10-‘ 

4-5 

0*9 

0*7 

5*5.10-^ 

2-5 .10-* 

r)0 

0*4 

3*0 



8-0 .10-* 

7-8 

01 

1-0 

(2.10-^) 


The table shows that ai etoacetate formed in neutral solutions, as in our 
experiments with tissues, will not be appreciably decomposed during experiments 
of two hours’ duration, by the homogcuieous process here considered. 

For the estimation of acetoaoetic acid, the neutral buffered solutions used in 
tissue experiments must be acidified to a of 5 or below before adding the 
aniline catalyst in order to avoid retention of carbon dioxide by the medium. 
The table shows that the solution can bo kept at 37^ for 15 min. at Pu 4-5 with 
less than 1 % loss of acetoacetic. acid. 

We have thercfon^ usually employc^d the following technique. At the end of 
the experiment, the tissue slices are removed from the manomeU^r vessels. The 
residual solution, usually 3-2 ml., is at once acidified by adding 0*3 ml. of a suitable 
solution of a(ictic acid or acctic;-acetatc buffer, wdiich brings it to a ppj near 4*5 
(B.D.H. “4*5” indicator may be used). 0*2 ml. of a solution of aniline hydro- 
chloride containing 0-09 g, of the salt is run into a side-tube of the vesseP. The 
vessel, attached to its mauometcT with air as gas phase, is then shaken for 15 min, 
in the thermostat at 37 ^ before the manometer is read and the aniline salt is 
added to the solution containing acctoaceti(’ acid. The acetoacetic aci<l is now 
decomposed according to a unimolocular iaw\ the precise rate depending on the 
buffering of tlie solution, which determines the pjj it assumes on addition of the 
mor(‘ aedd aniline hydrochloride solution. Ai’cording to Widmark and Jeppsson 
[1922J the optimum py for the reaction is about 4*1, but we hav(» not troubled to 
choose* conditions which are^ exactly optimum. Under our conditions the aceto- 
acctic acid is half decomposed in 5-fi rain, and after 50 min. evolution of gas 
may be considered (complete. 

Addition of the concentrated aniline hydrochloride to solutions containing no 
acetoacetic acid results in evolution of gas (some 8 mm. of Brodie's fluid or 
12/Ltl. of gas under the conditions described), presumably due to expulsion of air 
and a ‘ blank” correction, which need not be determined in every experiment, 
must be applied. 

In tissue experiments where no acetoacetic acid was expected to be formed, 
the pressure changes obtained when corrected for “the blank” have sometimes 
given slightly negative values. This absorption is probably due to a very small 
oxygen uptake by tissue debris or extract, which continues after addition of 
aniline. Its magnitude has always been less than about 8 ph and it has been 
neglected. 

The CO 2 outputs from sodium acetoacetate solutions mode by hydrolysing 
known amounts of ethyl acetoacetate have been measured and values up to 
97-98 % of the theoretical have been obtained. Since the acetoacetate solutions 
are unstable even when kept at 0®, we take this to indicate a real and exact 
equivalence between OOg output and acetoacetic acid. 

^ If a side-tube of the vessel previously contained alkali (to absorb COa), the alkali is removed 
with iilter-paper, and the side-tube rinsed with dilute acid and roughly dried, employing filter- 
paper again. 
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The method is suitable for measuring quantities of acetoacetic acid which 
give 100 fxl. of COg and upwards. For 10-20 /xl. the accuracy is doubtful, but the 
errors will probably bo of a similar order in estimations made in any one experi- 
ment. 

A question to be considered is whether for the purposes of this work the mano- 
metric method is specific for acetoacetic acid, or whether other substances, and 
in particular other j8-koto-acids, will react similarly with aniline. 

Oxaloacetic acid reacts wdth aniline, but much more rapidly fOstern, 1933], 
so that if quantities appreciable in relation to acetoacetic acid were present they 
could be detected by a rapid fall in the unimolecular constant of th(» reaction. No 
such indications of the formation of oxaloacetic acid have Ix'cn found in this 
work. 

This work, together with that of Quastel and Wheatley [1933; 1934], is 
apparently the first in which the formation of acetoacetic acid from fatty acids 
by the liver has been measured as such. Embden and Marx [11H)S] distilled their 
solutions after each expe^rirmmt and obtained in the distillate an iodoform- 
>delding substance, presumed to be acetone and in some cases identified as 
acetone. Embden and Engel [190S] showed in some cases that the iodoform- 
yiedding substance was preforni(‘d in the solutions only to a small extent and was 
mainly formed on heating. There was thus a strong presumption that a('(4oa('eti(* 
acid is the product chicllyin question, but conceivably, as liurtley pointed (>\it 
[1916], it might be acetonedicarboxylic acid. 


Kespikation and acetoacetic acid production. 

In Fig. 1 are given ciirv(\s showing the manner in which the rate of ac(?to* 
acetic acid production by liver slices varies with the concentration of the 
substrate in the medium. In the absence of added substrate, has a small but 



big. 1. RatcB of aoetoaortic acid production by guinea-pig liver. 
ft)^ygen; glycerophosphate buffer.] 

definite^ value. At low concentrations oi fatty acid, increases approximately 
proportionally to the concentration. With butyric acid, reaches almost its 
ughest value at a concentration of O-OIJI/, with y3-hydroxybutyric acid the 
saturation concentration is more nearly 0-03 or 0-04 M. With crotonic acid, 
o 00*2* * ’oil ' through a maximum at a concentration of about 0-015- 

I lie curves are smoothed curves drawn by combining the results of 
several experiments. 
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The behaviour of butyric and jS-hydroxybutyric acids is normal, whilst it 
appears that crotonic. acid in some manner inhibits its own oxidation at high 
concentrations. 

Infltience of ionic (nvironmeyit on acetoacetic acid 'production. 

The rate of produ(*tion of acetoa(^etic acid is also influenced by the concentra- 
tion of potassium and calcium ions in the medium, at least in the case of butyric 
and crotonic acids. Experiments are given in Table I showing the effect of 
varying (a) the potassium ion concentration, {b) the calcium ion concentration 
and (r) both potassium aiid calcium ion concentrations. 


Table I. Effect of varyhuj potassinm and calcium ion concentrations, 

liver. (JJyeerophosphate buffer. 

C'oneeni rations {M) 


:xp. 

Sttbstrate (M) 

[KM 

l(Va+^J 

Qiu 

Q Vo 

1 

Butyrate 0*01 

0 

0-001 

7-43 

2-52 


(HKU 

0-(KJl 

8-37 

2-98 




0-001 

9-13 

3-10 



0 (Kr> 

O-OOl 

9-20 

2-99 

2 

iiutvrate O-Ol 


0 

8 50 

1-98 



0-001 

S-70 

2-93 




0-002 

8-01 

2-50 




0-(M)4 

7-8(J 

2-54 


Butyrate 0*0 1 

c 

0 

7-24 

1*64 




0-0005 

9-50 

3-32 



0-0C2 

0-001 

9-13 

3-20 



0 (K15 

0-O025 

8-85 

2-71 

4 

(.Votonate 0’C:2 

(MH>2 

0 

7-37 

J-09 



C(K>2 

(HM)05 

7-89 

2*28 



i) 002 

0-00 1 

7-92 

2-35 



0*(H>2 

0-002 

7.44 

2*22 

5 

C*rot<uiate 0 Cl 

(» 

0 

5- 88 

1-83 




0-00025 

7-57 

2 34 



<)(M)2 

0 001 

7-77 

2-58 

ti 

Hydroxy butyrate o>0 1 

U 

0 

4-25 

1-40 



0-0003 

5-03 

1-20 



01)02 

0-001 

4-89 

1-39 


The experiments show’ that with crotonic and but\Tic acids has optimum 
values when [K^J is about (b0023/ and [CV^^] is about 0*0013/. These con- 
centrations of potassium and calcium ions have thertTore been maintained in the 
media throughout the rest of this work. 

On the other hand, the production of acetoacetic acid from jS-hydroxybutyric 
acid is not definitely influtmeed by the ionic environment. 

It has been found that the rate of acetoacetic acid production from butyrate 
is approximately the same in a glycerophosphate medium as in Ringer’s solution, 
when the initial of both media is 7-4. It is therefore unlikely that j3-glycero- 
phosphate has any great specific action on the oxidation of fatty acids. 

Effect of p// variation on acetoacetic acid formation. 

The effect of varying the Pu of the medium is shown in Table 11, W’here in the 
several vessels employed in each experiment the same mixture of O2 and CO2 is 
present, and the bicarbonate concentration is varied. Bicarbonate-C02 here 
replaces glycerophosphate as buffer. The experiments show that, with all three 
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Table II. Effect of on rate of production of a^cetoacetic acid by 
guinea-pig liver. 


Og-fCOj. varied by variation of bicarbonate oonoentration and calculated roughly to 
midpoint of exi>erimcnt by assuming 




Initial 

o 


Relative 

values for at 


Exp. 

Substrate 

/O 

0-^ 

71 

74 

7*7 

~S‘0 

1 

Butyrate 0*0 1 ilf 

5 

60 

84 

1(K) 

97 


2 

Butyrate 0 01 M 

1*3 

— 

89 

IIM) 

87 

70 

3 

jS Jlydroxy butyrate 0-01 M 

5 

54 

72 

100 

78 

9b 

4 

^-Hydrox> butyrate 01 M 

lb 

— 

89 

94 

100 

5 

Crotonate 0*02 M 

5 

57 

83 

81 

100 

— 

b 

Crotonate (H)2 M 

b 

58 

70 

91 

100 

— . 

7 

Crotonate 0 02 Jf 

1*3 


fib 

89 

100 

95 

8 

Crotonate 0-02 M 

I ‘3 

— 

72 

85 

100 

98 

Henoe approximate optimum yjjj values are: 
erotonate 7*7-7'y. 

butyrate 

‘ 74-7-6; 

; ^-hydroxybutyrate 

7’4-7’ 


acids, the rate of formation of acretoacetic acid varies considerably with the jt> 0 , 
the variation being of the same order as is shown in glycolysis [Warburg et aL, 
1924]. 

In the case of butyrate and / 9 -h ydroxybutyrate, Q is maxiirmm at about the 
physiological whilst in the case of erotonate the o})timuin is displaced 
definite^ly to the alkaline side. 


ilf can rates of acetoaccfic acid foryimtion. 

In Table III are asse*m))led data showing the moan rates of acetoaoetic acid 
formation from the three acids. It is evident that the highest rate is given by 
butyric acid, followed closely by crotonic acid, whilst th(* rate from jS-hydroxy- 
butyric acid is apjireciably lower. The rate of acetoact'tic acid formation by th(‘ 


Table III. 3Iean rates of acetoaceiic acid formation. 

( Juiiiea-pig liver. Oxygen. Gly<*eropbosphatc* bufier. 


Subhtrate 

Cone, 

{M) 

No. of 
experi- 
ments 

— 


42 

Butyrate 

O-Ol 

39 

(Jrot unate 

0-01 

14 

(Votonate 

002 

21 

d/-/3-Hydroxyb\it yrat e 

OOl 

10 

d/*^-Hydroxy butyrate 

0-02 

6 

Butyrate 

Animal starved 24 ho\i 
0*01 7 


Kang<‘ of 
values of 

Mean 

Av(>rage 

deviation 

Vac 

Vac 

from mean 

0-00-0‘<iS 

0-20 

:i:0-07 

1-09-441 

2-55 

. 046 

0-79 -3-02 

2-21 

±0-53 

1-27 3-25 

241 

- 0-3(i 

1 45-1-99 

1-43 

±0-17 

J 5:1-2-44 

1-91 

iO-27 

iKjfore kdluig. 

1-48-3-92 

3-05 

±0-48 


Effect of size of liver on metabolism. 


Wt. liver os % 
wt. animal 

V 

No. of 
experiments 

from butyrate 0-01 Jf , 

Range of values Mean values 

Average deviation 
from moan 

2-6 -3-6 

12 

1-97-3-67 

2-61 

:l-0-35 

3-7-4-fl 

15 

1*85-4-44 

2-74 

-i 0 45 

4-7-6-9 

11 

1-09-2-82 

2-14 

±0-41 

2-8-3*6 

Vo* 

13 

without added substrates. 
3-67-5*03 

4-84 

±0-62 

3*7-44 

20 

4-21-6-62 

4*9() 

±0-35 

4-5-7-2 

20 

3*85-6-84 

5-39 

±0-75 
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liver in absence of added fatty acid is low, too low for accurate measurement, 
and can for most purposes be neglected in considering the acetoacetic acid forma- 
tion in presence of addcjd fatty acid. 

varies considerably from one liver to another. Experiments seem to 
indicate that tlie state of nutrition plays a part, for in the case of butyrate as 
substrate appears to be higher when the animal has l>een starved for 24 hours 
before being killed. This ty]je of effect, which requires further investigation, may 
throw light on the question whether fatty acid substrates comxxjte with carbo- 
hydrates for oxidation, or whether, as is sometimes suggested, “fats })urn in the 
fire of the carbohydrates''. 

The size of the liver in young guinea-pigs is very variable. In considering 
this matter, we use the weight of the liver (wet weight) expressed as a percentage 
of the? weight of the animal. The figures for 120 animals show a variation of this 
percentage between 2*6 and 7*2; o0% of the figures lie between 3*6 and 4*5, 
75% between 3*3 and 5*1, and 00% between 3*1 and 5*0. The data given in 
Table III show that the weight of the liver is a factor in determining . In the 
case? of but 3 rrate as substrate heavy livers give lower values of The same is 
tnie for crotonate, for which the data are not given. 

Data on tlie respiration of liver in absence of added substraUvs have been 
calculated (Table III), which show that Q^) does not vary very significantly with 
the weight of tiie liver. Th(‘ tendency is lor larger livers to give higher values 
for but the most definite finding is that the resjaration of medium-sized 
livers is less variable than that of light or heavy livers. Further investigation is 
desirabh' to show whether or not the percentage of fat in the liver, which may 
influon(?(‘ considerably the dry weight (used in calculating metabolic quotients), 
varies with the size of the liver. 

Corrdation between acetoacetic acid ^^rodnetion and increased respiration, 

Jt is shown in Table IV that, wdien butyrate or crotonate is present in the 
medium, the respiration of the tissue is raised. Then* is found to be a very close 
correlation between the increase in the rate of production of acetoacetic acid, 

Q\, > the increase in respiration, Qq^ . The ratio between the two increases 

Table JV". AcMoacdic acid formation and oxygen consumption. 


(»uinca-pig liver. Oxygen. (Uyeerophoaphatc buffer. 


Kxp. 

Without Hub.strate 

Q'o, Qm 

Substrate 

With substrate 

Qos ^ Vi 

Extra Va(‘ 
Extra 

1 

412 

0*12 

Butyrate 0*01 M 
>» 

0*91 

1*09 

0*50 

*» 

4- 14 

0*14 

7*10 

2*07 

0*05 

3 

4*00 

01 8 


8*18 

2*27 

0*00 

4 

4*:i7 

0*25 


8*32 

2*71 

0*02 

5 

4*53 

0*20 


8*08 

2*95 

0*07 


4*93 

0*24 


9*25 

3*05 

0*05 

7 

400 

0*19 


9*29 

3*39 

0*69 

8 

4*43 

0*23 

Crotonait' 0*01 M 

0*32 

1*58 

0*71 

9 

4*19 

0*34 


7*22 

2*41 

0*08 

10 

6*12 

0*18 


8*17 

2*04 

0*81 

11 

4*75 

0*08 

»» 

8*41 

2*05 

0*70 

12 

4*33 

0*13 

>♦ 

7*07 

2*07 

0*70 

13 

5*39 

0*25 

/S- Hydroxy butyrate 0*01 M 

0*11 

1*30 

1*5 

14 

4*00 

0*19 

9f 

5*13 

1*46 

(2*7) 

15 

5*79 

0*68 

99 

0*84 

1*99 

1*25 

10 

4*93 

0*24 

Hydroxy butyrate 0*02 JSf 

0*88 

1*94 

0*87 

17 

5*79 

0*08 

99 

7*45 

2*44 

1*06 
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irt constant almost within the experimental error. Under the given conditions 
the ratio has the mean value 0*03 for butyrate and 0-73 for crotonate. Possibly 
also in the case of j8-hydroxybutyrate the variation does not exceed experimental 
error. 

The value of the ratio, however, depends on th(‘ concentration of the substrate 
(Table \). It is noteworthy that on continuing to increase the substrate con- 
centration beyond the point at which has reached its highest value, the 
respiratioii continues to rise. There is an indication here that tlie oxidation of the 
substrates follows two different paths, one to aeetoaeetic acid and another to 
some other product or products. 

Table V. Acetoacatic acid formation and oxygen consumption. 


Guinea-pig liver. 

( 1 lyeeroj>hosphate buffer. 

( )\ygen. 

Extra 

Substrate (Ji) 



Extra Voj 

— 

4<Vi 

oi:t 

— 

Crotonate C*00.> 

7-20 

1 tii) 

0-.'i2 

„ C'OJ 

707 

2(w 

0-70 

002 

8-5:} 

2 82 

04i4 

(»04 

8-(}4 

2-28 

0-52 

Butyrate 0(M>25 

8:t4 

0 81 


0005 

9-22 

l-(>8 

- 

„ 001 

101 

2 40 


„ 002 

10-7 

24)0 



Jtelatire rates of aeetoaeetic acid production from butyric and crofonic acids. 

A series of experiments has been made in which the actions of c^ach livcT on 
butyric and crotonic acids have been compared (Tablt‘ VI). It will be seen that a 
close parallelism exists between the valuers of obsc^rvcnl for the two ac ids. A 
liver that gives a low valuer with one acid gives a low value for the other. ( Protonic* 

Table VT. Comparative rates of aeetoaeetic acid formation, from butyric and 

crotonic acids. 


Guinea-pig liver. OvvgC'n. (Tlyeeropbosplmte buffer. 
Butyrate >\hcn present is at a eoneentration of O-Ol 



(Jone. of 






erotonate 

Q\i in 

presence of 




when pres('nt 





Mean 

Exp. 

(M) 

(Jrolonate 

Butyrate 

Batio 

ratio 

1 

0-01 

0-79 

1-09 

0*72 


2 


1-27 

1*67 

0-82 


3 

99 

1-57 

2*01 

0*78 


4 

99 

210 

2*77 

(»*76 


5 

99 

2-20 

2*32 

0*95 


0 

99 

202 

212 

0*84 

0*81 

7 

0015 

1-72 

1*85 

0-92 


8 

,, 

1-9] 

2*24 

0*85 


9 


212 

2*22 

0*91 

0*90 

10 

002 

1-96 

2*02 

0*97 


11 


2*22 

2*43 

0*92 


12 

„ 

223 

2*50 

0*93 


12 


2-24 

2*77 

0*84 


14 


2-30 

2*45 

0*96 


15 

„ 

2*42 

2*72 

0*89 


10 

„ 

2*46 

2*8J 

0*88 


17 

»> 

2*87 

2*27 

0*88 


18 

ff 

3*25 

3*67 

0*89 

0*91 
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acid gives lower values for than does butyric acid, and at a given concentration 
the ratio of the values of Q is almost constant, having a maximum value (0*9) at 
the concentration of crotonate which gives maximum values of (0*01 5-0*02 AT, 
Fig. 1). This close parallelism between the values of is a strong indication of 
some similarity in the mechanism of oxidation of the two acids. 

Competition between substrates. 

Results are given in Table \TI of some experiments on the respiration and 
acetoac(^tie production when two of the acids are present together. 

When /3-hydroxybutyratc' and butyrate are present together, the rates of 
production of acotoacetic acid from the two substances are not additive. Yet 

Table \TI. Competition between the adds as substrates. 


(Uunea-])!^ liv<*r. (Kygcii. ( Us f*oroj)ho8phaic buffer. 



Concentration (M) in 

of 




r 


^-Hydroxy- 



\p. 

Butyrate 

( Votonatc 

butyrale 


Qsc 

1 

— 


— 

4-(i(i 

019 


- 

— 

(MU 

.vt;} 

1*40 


(MU 

- 

— 

0-20 

:i:i9 


0-01 


(M)l 

9 r»2 

:b9:j 

2 

— 

_ 

— 

4'9:{ 

0-24 


— 

- 

(M)2 

(v88 

1*94 


(MU 

— 

— 

92r> 

:b0o 


(>(U 


0 02 

9 oT 

S-.V.) 


(MU 

- 

» 

11-4 

4.44 


(MU 

(( (U 

_ 

ll-O 

a82 


0(U 

0‘(L* 


11 *5 

:ir>9 


U(U 

(1(4 


10-8 

2-71 

4 

. _ 



— 

4 19 

034 


(MU 

_ 


8-40 

2-80 



(MU 

— 

7-22 

2-41 


0-01 

(MU 

— 

7 •.‘>8 

23r> 


although from but;\Tate is approximattdy maximum, tlie value of can bo 
raised by the presence of /J-fiydroxybutyrak*. It is evident, therefore, that tlic 
production of acetoacetic acid from these two substances may proceed, at least 
partially, by quite inde})endent paths. 

On the other hand, when crotonate is added to butyrate, Q is lowered. The 
experiments agree with the view that, when both acids an* present, crotonate 
exerts on thc^ oxidation of butyrate the same inhibitory action that it exerts on 
its own oxidation at sufliciently high concentrations. There is no evidence that 
the acids are oxidised to acetoacetic acid by independent paths. 

It may be mentioned here that under anaerobic conditions guinea-])ig liver 
does not oxidise butyric, crotonic or jS-hydroxybutyric acid appreciably to 
acetoacetic acid. This was shown by experiments similar to those already 
recorded, except that nitrogen replaced oxygen in the gas phase. The highest 
value of found was 0*14, which does not exceed the experimental error. 

The action of inhibitors. 

The action of a number of substances likely to inhibit the oxidation of one or 
more of the fatty acids was investigated largely with a view to finding differential 
effects on one or more of the acids, which might give information regarding the 
mechanisms of the oxidations. 
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It will be seen (Table VIII) that among the substances examined are several 
unsaturated compounds, which, it was thought, might inhibit particularly the 
oxidation of crotonic acid. This however was not found to be the case, although 
there is one possible exception. 

With all substances examined which cause much inhibition of acetoacetic 
acid formation, the effects on crotonic acid and butyric acid are very similar, 
with the qualification that as a rule the inhibition is slightly greater for crotonic 
acid (Table VIII). 

The inhibitory action of propionate on oxidation of bidyTate had already been 
found by Quastel and Wheatley fl933J. It is now found that oxidation of 
crotonate is inhibit(‘d to a similar extent, whilst that of j8-hydroxy butyrate is 
only very slightly lowered. Propionate is itself oxidised ])y the liver without 
acetoacetic acid formation. 

Acrylate’ exerts an inhibitory action on acetoacetic acid formation similar to, 
but weaker than, that of propionate and like propionate increases the respiration 
of guinea-pig liver, but to a smaller extent. 

Allyl alcohol, already known as a powerful resjuratory j>oison, inhibits tlie 
respiration of liver strongly, its action being progressive with time. It lowers 
in presence of crotonate and butyrate still more strongly, inhibition l>eing 
still in evidence at a concentration of 0-0(K)3 M. Obsc^rval ions suggest that at k)W 
concentrations the alcohol is strongly taken up hy the tissues, since the inhibition 
seems to depend on the weight of tissue present. Allyl alcohol is not therefore 
convenient for quantitative experiments. 

Several powerful inhibitors have been found in the aromatic scries. Cinnamic, 
jS-phenylpropionic and benzoic acids all cause (*onsiderable inhibitions of 
acetoacetic acid formation from butyric and crotonic acids at concentrations of 
0*0005 if, th(‘ inhibition of oxidation of crotonic acid being greatc'r than of 
butyiic acid. The oxidation of /3-hydroxy butyric acid is much less inliibitod. 
The aromatic acids mentioned above do not diminish the r<*spiration of the liver 
in presence of the fatty acids to a greater extent than would be expected from the 
diminution in production of acetoacetic acid, i.e, on tlie basis of the relation 
between respiration and acuitoacetic acid production which has already been 
found (Table TV). The diminution in respiration is in fact usually less than would 
be expected from the ratios previously given. As far as our experiments go, they 
indicate that weak solutions of the aromatic acids in question afiect no other 
respiratory processes in the liver than the oxidation of fatty acids to acetoacetic 
acid. 

Our experiments give no indication that these aromatic acids are thcunselves 
undergoing appreciable destruction in the liver, as according to the work of 
Knoop and Dakin they d<i in the intact organism. If the acids disappeared during 
our experiments, it might be expected that their inhibitory^ effect on respiration 
(due to their inhibitory effect on fatty acid oxidation) would be lessened, and an 
increase would take place in the respiration relative to the “contror’. No such 
phenomenon was observed. It was also observed in one experiment (Table VTTT) 
that the inhibitory effect of benzoate on acetoacetic acid production is inde- 
pendent of tlie weight of tissue present, which indica.tes that benzoate is neither 
very greatly adsorbed nor destroyed by quantities of tissue such as we employ in 
our work. 

Tropic (a-phenyl-^-hydroxypropionic) acid is much less toxic to acetoacetic 
acid production than are cinnamic and jS-phenylpropionic acids. 

Fluoride is found to be a strong inhibitor of acetoacetic acid formation from 

‘ Not a pure preparation. 
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Ta}>le Vni. Actum of inhibitors. 


(guinea-pig liv^er. Oxygen. CiJyeerophosphato buffer. 


% decrease iii Q^y (o inhibitor 
Substrate (0-0 1 JJ ) 



/ 


A 




j8* Hydroxy- 


ilut^ rate 

Crotonate 

butyrate 

Effect of propionate (0*0 1 J/) 




Kxp. J 

47 

— 

9 

•> 

ff 

— 

()3 

6 


71 

74 

— 

Effect of acrylate (0-02 M) 

43 

57 

6 


0*02 M crotonate 


Allyl akoiit»l {M) ... 

0()4 O-OOb 0*001 

0*0003 

Effect of allyl alcohol 




decreasti in 

80 To 

59 

3 

decrease in 

100 100 

94 

23 


% decrease in Qxy 
Hubstratc (0*01 M) 



f 


j3-Hydroxy- 

Cone. {M) 

Butyrate 

Crotonate 

butyrate 

Effect of ciunamate 




— 

84 

— 

OCKJo 

72 

83 

23 


71 

87 

— 

(f(K)05 

(i3 

88 

11 

0'(K)1)1 

18 

32 

(- 9) 

Effect of j3-pheii} Ipropionate 


70 


(KKK)5 

54 

— 

Effect of lienzoate 




IMd 

— 

90 

— 

0 - 0 (Mr 2 

— 

78 

— 

(bOOl 

40 

(>3 


U(KH)5 

— 

39 

— 

Effect of tropate 



10 

fb02 

22 

— 

(HK>5 

iJ 

— 

25 


% decrease in 



r 

Crotonate 

Butyrate 

Effect of fluoride 




0-02* 

90 


— 

0*01 

82 


— 

0()()5 

75 


— 


— 


70 

0tK>3 

68 


— 

(btH)25 

75 

7 

9- 66 

0*(K)15 

31 


— 

0CHK)7o 

18 


— 


% 

effect on 

> 



f 

Butyrate 

Crotonate 

Effect of fumarat© 

002^b05 

h-12 


- 9 

-f 4 


~18 


* In this solution oaloium Huoride preeipiUted at room temperature, which was not observed 
in weaker solutions. 
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Table VIII (cant). 

Inhibition in relation to weight of tissue slices. 


Dry wt. tissue 

Cone, of lierizoato 

ill vreftenre of 


mg. 

M 

butyrate 

inhibition 

28*9 

0 

109 

— 

If)!) 

0‘9()2 

1 12 

22 

19*8 

0*002 

M2 

24 

U'2 

0 002 

MO 

25 


crotonic and butyric acidR. The effect persists down to concentrations of 0*001 M. 
The stronger solutions of fluoride have also a considerable and progressive in- 
hibitory action on respiration, but weaker solutions (say 0*()025ilf) inhibit 
respiration no more than would be expected from their effect in diminishing 
oxidation of the fatty acids. The action of fluoride in weak solutiotis is probably 
therefore fairly specific. Tlie inhibitory action on acetoac*etic acid formation is 
exerted at concentrations similar to those at which fluoride inhibits glycolysis 
[Dickens and Simer, 1929J. 

A slight differential effect on the production of acctoacetic acid from butyric 
acid and crotonic acid is shown by strong solutions of fumarate. Pumarate 
slightly increases in presence of but>Tate and dt^ert^ases it slightly in j)reB(uic(» 
of crotonate. This is the only case* we have obsiu ved wh(U'(^ a substance affects 
the rates in opposite directions, but the effect dot's not lie much outside experi- 
mental error. Fumarate is itself oxidised by guinea-pig liver. 

The mechanisms of the oxidations. 

It has frequentl 3 " been suggested that the mechanisms of oxidation of butyric, 
crotonic and jS-hydroxybutyrie acids to acetoacetic acid in the liver are related. 
Friedmann [1908] suggesttjd that /J-hydroxybutyrie acid occupied an inter- 
mediary place between crotonic and acetoacetic acids, and Hurtlt*y [Hllfl] pro- 
posed the scheme : 

Butyric -> crotonic jS-hydroxybutyric — - acctoac-etic acid. 

The most elaborate scheme, which Dakin appears to have favoured [ 1 922], allows 
three different paths for butyric acid : 

j. 

- C’Ha.CO.CH^.a )OH. 

The arguments used in favour of these various mechanisms are mainly 
chemical analogies of more or less value, and none of them is decisive. 

Our experiments with inhibitors (propionate and cinnamate., Table \TII) 
show that the oxidation of )3-hydroxybutyric acid is hardly affected by conditions 
which inhibit considerably the oxidation of butyric and crotonic acids to 
acetoacetic acid. We can conclude with certainty that neither butyric nor 
crotonic acid is an intermediary in the oxidation of jS-hydroxybutyric acid to 
acetoacetic acid by guinea-pig liver. 

The discovery by Quastel and Wheatley [1934] that ascorbic acid has little 
effect on acetoacetic acid production by rat liver from ^-hydroxybutyric acid, 
whilst it accelerates acetoacetic acid production from butyric and crotonic acids, 
provides some evidence that the same statement is true for rat liver. 

Let us next consider the view, advocated by several authors, that /3-hydroxy- 
butyric acid is an intermediary in the oxidation of butyric and crotonic acids to 
acetoacetic acid. The only clear evidence we have found in the literature bearing 
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on tkis view tells against it, this being the evidence due to Marriott [1914], who 
stated that when butyraU^ was inje(5ted into a fasting dog a rise in the aceto- 
acetic acid content of the blood preceded a rise in the j8-hydroxybutyric acid 
content. 

Our own experiments are also very definitely against the view that jS-hydroxy- 
butyric acid is an intermediary. In the first ])la(ie, we have found some additivity 
between the acetoacotic acid production from butyric acid and jS-hydroxy- 
but3Tic acid (Table VII). In the second place, we find that the raU^ of acetoacetic 
acid production from ^-hydroxybutyric acid is definitely lower than from 
crotonic or butyric acid (Fig. 1 and Table 111). An examination of the curves 
and figures provides quite (b^cisive evidcuice that jS-hydroxybut^Tic acid cannot 
be an obligate intermediary betwecui crotonic or butyric acid on the one hand 
and acetoacetic acid on the other. It remains possible that a part of the crotonic 
or butyric acid passt^s through )3-hydroxybut\Tic acid as an intermediary, but 
there is little need to complicate our views with this possibility, for which there is 
no positive evidence. 

Another view w’hi(;h has been iwlvanced is that crotoni<i and j8-hydroxy- 
butyric acids are interconvertible dire.ctl^'^ by addition or loss of water. We are 
aware of no evidence which is incon.siskmt with the alU-rnative view that in the 
liver crotonic acid is first oxidised to acetoacetic* acid and then rerluced to 
hydroxy butyric acid. We pnder th(‘ scHJond view, which accounts for the fact 
that the conversion of (jrotonic acid into 6-hydroxy butyric acid by minced dog 
liver [Friedmann and Maase, 1913] requires the presence of oxygen. Our con- 
clusions uj) to the ]iresent ma j’ be summarised by the scheme : 

(.Votonic* acid. 

acetoacetic acid :;± ^-hydroxybutyric acid 

Uutyri<‘ acid 

We have not yet eonsider<‘d the evidence that acetoacetic acid is convertible 
into jS-hydroxybutyric acid by the liver but may state that adequate evidence 
is available. 

W^e turn next to a more dilficult problem, the relation between th(‘ mechan- 
isms of oxidation of butyric and crotonic acids to acetoacetic acid. Our experi- 
ments have shown numerous similarities betwmi the rates of the processes and 
make it fairly certain that a relation exists. For instance, a close numerical 
relation is found between tlie rates in difierent livers (Table \T), which would 
hardly be likely to exist if the processes were* entirel}' distinct. The reactions are 
also compt'titive — when both acids are present the rate is never higher than when 
one is pn^sent alone (Table \'JI), which is an indication that the modes of oxida- 
tion hav^e some feature in common. We will consider the problem first on the 
usual lines of classical kinetics, according to w'hich if a relation exists, it must, 
we consider, take one of the three forms : 

1. Butyrate cnaunate --*■ acetoaeetate. 

2 . (Voionate butyrate acetoaeetate. 

3. CrotoiiaUv 

acetoaeetate 

Butyrate 

The weight of the evidence is against the first possibility. Under all circum- 
stances the rate of formation of acetoacetic acid from butyric acid is greater than 
that from crotonic acid when both are present at their optimum concentrations. 
This is shown by numerous figures already given, e*g, in Table VI. The effects of 
inhibitors (Table VIII) on the oxidation of crotonic acid tend to be greater than 
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on that of butyric acid, whicli cannot be explained on the first scheme. Nor 
would it be anticipated that a higher concentration of crotonic acid than of 
l>ut3rric acid would be required to attain the optimum rate. 

The second scheme, namely 

(•roti)nato butyrate acetoacetate 

is much more plausible, for the rate of oxidation of butyrate to acetoacetate is 
always faster than that of crotonate. 

One set of facts caus(^s a|)parent difficulty. Reference to Table IT shows that 
at pu T-T-S'C the rate of oxidation of crotonic acid rises above the level at pjj 7*4, 
whilst the rate for butyric acid falls below the level at 7*4. Setting the 
values for Pu 74 at 100 for butyric acid and 90 for crotonic acid, values true for 
a glycerophosphate medium (Table III), it appears that at pjj 7‘7~8‘0 the rate of 
oxidation of crotonic acid should be greater than that of butyric acid. But direct 
comparison of the rates of oxidation of the two acids to acetoacetic acid, at 
Pj£ 7-9 in Ringer’s solution, shows that even under these* conditions butyric acid 
is oxidised tlie more rapidly. 

Crotonate, hovrever, exerts a secondary inhibitory action on its own oxidation 
and also on that of butyrate (Table VII), the rate of oxidation of wliich is 
lowered to that of crotonate. Taking into account this inhibitory effect, we con- 
sider it probable that crotonate is oxidised as fast as butyrate* , when both are 
present at optimum concentrations. We must suppose, therefore, that crotonate 
is reduced quickly enough to saturatci the butyrate-oxidising enzyme, a supposi- 
tion for which there is no evidence. 

It might have been expected that the reduction of crotonate to butyrate 
would be inliibited by substances that do not affect the oxidation of butyrate. 
We have, however, found no very striking evidence in favour of greater inhibition 
of crotonate oxidation than of butyrate oxidation, although certain evidence in 
this direction exists. 

We conclude that this mechanism may be correct, but the evidence is in- 
sufficient to establish it. 

We turn to the third scheme, which represents the possibility that crotonate 
and butyrate are oxidised to acetoacetate through a common intermediary. It 
has already been shown that this cannot be j8-hydroxybutyrate, and no other 
substance suggests itself as a likely intermediary. 

In these three mechanisms which have just been considered, the intermc^diary 
substances have been considered to be formed as ordinary chemical individuals. 
A fourth mechanism can be proposed, according to which both crotonate and 
butyrate are adsorbed by the same enzyme, and both are transformed to aceto- 
acetate while remaining adsorbed on tlie enzyme surface. In such a proccjss the 
intermediary stages wiU not exist as separate molecules, but only in combination 
with the enzyme. It may be suggested that the reactions which take place are as 
follows : 

CHa.CiHg.rHjj.WO' CHa.V.CHg.OOO' 4-2H 

CHa.CH-CH.OOO' -- CHa^O.CH^.aX)' 
w active 0 

CHj, . C . CHa . CX)0' CHj, . CO . . COO' 

or H acceptor 

A similar method of representing the activation of butyric acid has already been 
put forward by Quastel [1926]. According to this view, butyrate is desaturated 
to a product identical with an activated crotonate molecule. The theory is 
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able to explain the* same facts as the second scheme, and also accounts for our 
failure to find substanc(*s whicli inhibit the oxidation of crotonate to any definite 
extent without also inhibit ing oxidation of butyrate. On the basis of the theory, 
the facts indicate that crobjnate has a lower affinity for the enzyme than has 
butyrate. We should account most readily for the approximate equality of rates 
of oxidation of the two acids by assuming that the second vstago in the j)rocess, 
which is identical for tlu^ two acids, is a slower reaction than the first stage. The 
evidence is insufficient to decidt^ bedween th(‘, sccx)nd and fourth schemes pro- 
posed. We, howi‘ve‘r, favour the latter, which in its suggestion of a process taking 
place entirely on the surfact* of one enzyint^ is in line with cuirtain facts related to 
the oxidation of higher fatty acids, which are discussed in the following paper. 

Sl^MMARY. 

1. The ratc\s of oxidation of butyric, crotonic and d?-/3-hydroxybutyric acids 
to acetoacetic acid by slic(\s of guinea-pig liver in the pr(‘scnce of oxygen have 
been investigat("d. 

2. The rate of acetoa(*etic acid production varies in the normal mamicr 
as a function of substrate concentration with biit\Tic and /3-hydroxybutyric 
acids, but passes through a maximum value when orotoni(i acid is the substrate. 

2. Th(' rate of acetoacetic acid prodiudion from l)ut\Tie and crotonic acids 
varies with the potassium and calcium ion concentrations in the medium and 
passes through a maximum value. 

4. The optimum for the oxi<lation is close to the physiological value for 
butyric and ^-hydroxybutyric acids but lies a little to the alkaline side (7-7-7*9) 
for crotonic acid. 

5. b* presence of butyrate is slightly greater than in presence of crotonate 
under optimum conditions. The ratio of the rates is fairly constant when 
measured under definite conditions. in presence of j3-hydroxybutyTate is 
(considerably low'cr, 

fi. There is a definiU^ correlation betw(‘en the inen^ase in respiration and the 
increase in brought about by the acids. 

7. Experiments with mixtun^s of the acids show that there is competition 
betwet'ii butyric and crotonic acids for oxidation, f)ut partial additivity with 
/S-hydroxybutyric a(*id. 

S. Benzoate, cinnamate and pheiiylpropionate inhibit strongly the oxidation 
of butyric and crotonic a(‘ids to a<;etoacetic acid. At low concentrations (0*001 M) 
they appear to inhibit specifically the oxidation of fatt y acids. 

9. Cinnamate and propionate inhibit the oxidation of /S- hydroxy butyric 
acid to a much smaller extent than the oxidations ot butyric and crotonic acids. 

10. The evidence supports the scheme of reaction : 

C.'rotDnatCv 

aoetoau'latc jS-hydroxybutyrato 

Butyrate 

11. It is possible that crotonate passes through butyrate as an intermediary. 
It is rather more probable that the process of oxidation to acetoacetate takes 
place at one and the same enzyme, which effects the complete process with both 
butyrate and crotonate. 

One of the authors (M. J.) wishes to express his thanks to the Medical Research 
Coimcil for a personal grant. The authors also wish to thank this body for a grant 
in aid of equipment. 
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This methods described in Part, J of this series [Jowett and Quastel, 1935, 1], 
together with (others described here, have been used to study the oxidation of the 
normal saturated fatty acids, containing from two to ten carbon atoms, by slices 
of rat and guinea-yjig iiv<u\ The w^ork has special reference to the formation of 
“ketone bodies” as products of oxidation and provides new and quantitative 
findings. 

Tlu* results form a contribution to the problem of the mechanism of oxidation 
of fatty acids. It has bec^n possible to estimate the approximate yields of ketone 
bodies from som(‘ of th(' fatty acids, which prove to be much higher than those 
liitherto obtained. The production of ketone bodies is definitely established as a 
major process in the oxidation : lack of evidence bad hitherto led such authorities 
as Leathes and Raper [11^5] to a sceptical view of their importance. 

It has also been found that the simple ^-oxidation theory of Knoop as applied 
by Embderi to the breakdown of fatty acids in tlie liver, is unable to account for 
the facts ob.served. It will b(' remembered that according to the view of Embden 
and Marx [1908J dccuiiioic acid is broken down successively to octanoic, hexanoic 
and butyric acids before acetoacidic acid is formed. 

Exrniil.MENTAL METHODS. 

Details of most of the methods used will be found in Part I. Bricfl}^ liver 
slices have been shaken for two hours at 37 ’ in various media in manometric 
ATss(ds of the Warburg tyjie. Aft(*r the tissue slices have been removed to be 
dried and weighed, tlu' residual solutions are employed for estimation of 
acetoacetic acid, or for the gravimetric estimation of ketone bodies, described 
later. 

Estimations of acid-base changes have been made in a manner generally 
similar to that of Negeleiu [1925]. In these experiments lead perchlorate solution 
of density about 2*09, prepared according to Kn^bs [1930], has been used as 
manometer fluid in order to measure greater outputs of carbon dioxide than can 
be measured with Brodi<'’s fluid, ll'tad perchlorate has also been used in a 
number of other experiments, and it has been found that it leads to an accuracy 
no less than with Brodie's fluid, since although the manometer changes are 
halved the readings are steadier. 

In estimating the changes in fixed acid, account must be taken of the fact 
that when the solutions are acidified to decompose bicarbonate the acetoacetic 
acid present will be partially decomposed. The CO.^ evolution ascribed to 
bicarbonate will be slightly increased by this decomposition and the subsequent 
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CO2 output in presence of aniline, ascribed to acetoacetic acid, will be lowered. A 
correction has been calculatt^d oji the basis of our mcasurcruent of the rak^ of 
decomposition of acetoacetic acid in solutions of below 2 (Part 1). A correc- 
tion of 7*5% is added to the observed” values for acet()aceti(! acid, when the 
solution has been maintain(‘d at the low for 15 min. at {M (for 20 min., 
10 % is added). A correction of the same absolute (not relative) amount is added 
algebraically to the value derived for }>roduction of fixed ac;id. The (*orrections 
do not esscuitially alter the values. The amount of acid add(*d, usually about 
0* 15-0-2 ml. of AH2SO4, has always been sufficient to bring the p,j below 2 
(Cii approximately 0-03), allowance being made for the amount of bicarbonate to 
be decomposed and for the bulTering action of salts of weak acids ])resent. The 
evolution of COg is complete in 10-15 min. Aft(*r nuiding the ])ressuro chaugcvs 
the tissue slices are romovcMl, and if acetoacetic acid is to be (‘stimatod the 
solution is brought at once to a pj^ near 4-5 by addition of sodium acet ate solu- 
tion, the amount required being usually determint‘d by calculation. 

Gravimetric estimation of Icetone bodies. The imd-hotl of \'an Slyke [1917J atid 
of Peters and Van Slyke [1932J for blood has been adapted to a miero-seale. x\ll 
details of the method of precipitation of the mer(*ury compounds havt* been 
rctainc'd, such as times of refluxing and c(»ncentrationb of rt^agents, but the siz(f 
of apparatus has been reduced, and the volumes of solutions reduc(‘d from 175 ml. 
to 35 or 22 ml. The preoif)itatcs are washed on the ctuitrifuge and transferred by 
suction to Jena sintc'red glass Alters of tyjie G4, which art* wi‘ighe(l 011 a micro- 
balance. 

In the accompanying table are summarised tht* result.s of control estimations. 
Sodium aeetoacetate, freshh^ freefi from a(?otone, has been standardis(*d by tht* 
manometric techni(|ue of Part 1, and the specimen of sodium /?- hydroxy butyrate* 

Control estimations. 


Arc^toaoetn* 


nip. taken <-al- 

\’oliinie ilnrinp 


\Vl . ]>})t. 

c ulatcd a.s acetone 

refluxinp (ml.) 

mp. p|»t. 

VVt. at-etone 

0-J4:i 

22 

2 15 

15-1 



5-01 

17-5 

0‘4i!8 


8 53 

19-9 

0*571 


11-24 

19-7 

O-.W) 

.35 

0-52 

10-9 

0-445 


8-18 

18-4 

0-857 


17-08 

20(5 

inp. taken cal- 

Hydroxy butyric amd. 

Wt. ppt. 

< ulated as a»*id 

Volume (ml.) 

mg. ppt. 

Wt. aeid 

0-280 

35 

2-t)9 

9(5 

0-5(>0 


5-30 

9(> 

0-77(> 


7-52 

9-7 

0-839 

99 

8-75 

10-4 

J-119 


11-09 

9-9 

J-552 


1(5-38 

10-55 


usod, wlifii dried at KM)’, has Ijeen taken as jmre. For acetoactftie aeid the factor 
tends to be lower for small quantities than Van Slyke’s factor of 20, and an 
empirical eorreetion has been applk-d for the deviations, although the use of data 
based on precipitates weigJiing less than 5 mg. has la'im almost completely 
avoided, r or ^-hydroxy butyric acid the factor 9-S5 has been found and employed, 
which compares with Van Slyke’s factor 8-45, and probably indicates a more 
complete oxidation to acetone than was found by Van Slyke. 
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EstimatioriM show that in our experiments the quantities of acetoaoetic acid 
and /J-hydrox 3 ^butyrio acid formed from fatty acids are usually of the same order, 
and to calculate total ketones” wo have therefore assumed that the amounts 
formed are equal. 

The data and assumptions above lead to the following factors by which the 
weights ol precipitates (mg.) are divided in order to convert weights of precipitate 
into fi\, ol gas at n.t.p. : acetone + ace toaeetie acid 0*052; ^-h 3 ^droxy butyric acid 
0*046, total ketones 0*049. 

In our experiments, summarised later, in which ketone bodies are estimated 
by this method, the contents of the manometer vessel, after removal of the 
tissue slices, are made up to known volume (usuall}’ 10-18 ml.) with water and 
1/10 volume of the acid mercuric sulphate reagtmt ol* Van Slyke. After filtration 
tlxrough paper, a known volume of liltrate is at once taken for th(^ estimation. 
Wiu^re manometric estimations are also made, these are elh'ctod on the contents 
of anotluT manometer vesst*l which has undergone sirnultan(‘ous shaking in the 
bath witli similar solutions and a roughlv equal quantit}" of liver slices. 

M a nome.tr ir tnethod for acetoacMic acid. In apj)lving the manomedrie method 
for acetexacetie acid, described in Part 1. to the determination of a product derived 
from higher fatt >" a<‘ids, account must be taken of the possibility^ that the higher 
fatty acids mav viedd homologues of acetoacetic acid, which will probably react 
with aniline in a similar manner to acetoacetic acid. 

Dakin fl923J has shown b\^ liver pf^rfusion (experiments tliat hexanoic acid 
does not giv(‘ rist* t^) butyrylactdic acid, luit onty to actd-oacetic acid, lie com- 
panMl the (luantities of kedone bodies obtained after distilling the products of 
oxidation, (a) bv the iodine titration nmthud, which (estimates propyd methyl 
kcit.om* as wtdl as aecd-one, and (h) by the gravnmdriti mercuric sulpliato method, 
which estimates only atnd/one, as w^as shown by Dakin himself. The qiu^stion 
raiscid is therefore answered for lu'xanoic acid. 

Wc have found that in our experiments the products obtained react with 
aniline at the sanu' rate as dot's acetoacedie acid within the (experimental error 
of 5 % . This stattmumt applies to the products of oxidation of hexanoic, octanoic 
and dt'oanoic acids, and to tiie product given by rat liver without added fatty 
acids. Ill a slightl.y k'ss quantitative way the same statement may l>e made with 
respi'ct to the other fatty acids used, which give small outputs of gas. Now it is 
probable that higlnu' liomcjlogue.s of acetoacetic atud would react with aniline at 
ratios different from that of acetoacetic- acid. This result therefore provides 
some? (widence that acetoacetic acid is the chief jS-keto-acid produced in the 
oxidation of the fatty^ acids. 

Mu(;h stronger evidence is derived from a direct comparison of (a) the 
acetoacetic acid as detf^rminc^d by the manometric method, and (6) the aceto- 
acsetic acid + acetone as determined by the gravimetric im^thods. Figures of this 
kind are given later and provide convincing evidence that acetoacetic acid is the 
only j8-keto-acid produced in significant amounts from the fatty acids. 

AcETOAOBTIC acid TKODITCTION AND RESPIRATION OF OmNEA-PIG LIVER 
IN PRESENCE OF FATTY ACIDS. 

In Table I are summarised illustrative experiments which show the rates of 
respiration and acetoacetic acid formation by guinea-pig liver in presence of the 
normal straight-chain fatty acids containing from twf> to ten carbon atoms. 
Every acid raises the respiration, and most of them increase the acetoacetic acid 
production. Usually there is an optimum concentration for acetoacetic acid 
production. 
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Table I. Acetoacetic acid producticm and respiration in presence of fatty acids. 


Giiiuea-pig liver* Oxygen. Glyeerophosphatc buffer. 

Exp. Fatty aeid 


1 

Acetic 

Cone. (Af) 

0 

0 005 

0-01 

0*02 




5-51 

7-35 

7-00 

7-03 




0-24 

0*49 

0*49 

0-60 

o 

Propionic 

Cone. {M) 

0 

0-005 

0-01 

0-02 



Oua 

4-7.3 

8-87 

9-t)8 

10-34 




0-1.3 

0-09 

0-12 

0-20 

3 

Butyric 

Cone. (A/) 

0-0025 

0-005 

0-01 

0-02 



^<>2 

8-34 

9-22 

10-1 

10-7 




0-81 

1*08 

2-49 

2*60 

4 

Valeric 

Cone, {M) 

0 

0-005 

O-Ol 

0-02 




5-04 

10-70 

Jl-44 

1314 



Qxl 

019 

0-5.5 

0-(>l 

0-41 

5 

Hexanoic 

Cone. (A/) 

0 

0-005 

0-0075 

O-Ol 




5-.)2 

11-07 

12-37 

12-20 



QkI 

0-28 

3-20 

3-40 

3*00 

(> 

Heptanoic 

Cone. (A/) 

0 

0-004 

0-007 

0*01 


QiH 

5-03 

12.35 

13-49 

13*90 



qJ 

0-28 

0-83 

0 91 

0-84 

7 

Octanoic 

Cone. (M) 

0 

0-<K»3 

0-(K>G 

0-009 




5-05 

7-97 

939 

9-23 




0-26 

1*22 

1 44 

1-23 

8 

Nonanoic 

(’one. (A/) 

0 

0-002 

0-004 

(»006 




5-84 

10*09 

10-71 

11-28 



Qa" 

o:i4 

0*72 

0-76 

0-78 

0 

Deeanoio 

Cone. (Af) 

0 

0-0015 

0-002 

0-(K)25 



Qo, 

4-00 

6-19 

6-78 

7-12 



Qx! 

0*32 

M4 

M2 

1 13 




At this eonoentration the solubility limit of calcium clecanoate in the medium is reached. 


Table II summarises the data obtained for the rate of acetoacetic acid produc- 
tion at concentrations of each fatty acid near the optimum. The acids with 4, 6, 
8 and 10 carbon atoms produce acetoacetic acid the moat rapidly, the 8- and 10- 
carbon acids being less active than the others. Acetic acid also producjes aeeto- 
acetic acid, the rate being low but definitely above the very low rate found in its 
absence. Propionic acid does not produce any acetoacetic acid. Thus far the 
results are in accord with the findings of Embden and Marx [1008] on dog liver 
by the pcTfusion method, and of other workers. 

A new result is seen on turning to valeric, heptanoic and uonanoic acids. 
These acids definitely produce acetoacetic atid, although at rates very much 
smaller than those characteristic of the neighbouring even-numbered acids. It 
was considered possible that, although acids of good quality were employed, the 
preparations of the odd-numbered acids might contain small amounts of the even- 
numbered acids, which might bo responsible for the acetoacetic acid formation. 
We therefore compared, in one experiment, the rates of acetoacetic acid produc- 
tion using specimens of heptanoic acid obtained from three different sources (an 
old Kahlbaum specimen ; a fresh B.D.H. specimen, and a fresh specimen from 
Cohen (Berlin), this last being freshly redistilled before use). All three specimens, 
used at a concentration 0*007 Jlf, gave the same values of within the experi- 
mental error, the values observed being 1-36, 1-32 and 1*30, whilst the values for 
the respiration were all very similar. It is veiy improbable that values of tliis 
magnitude could be due to impurities, and that impurities of presumably 
varying amounts would bring about an equal rate. We therefore conclude that 
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Table II. Acetodcetic acid production from fatty acids. Mean values. 


Guinea* pig liver. Oxygen. Glycerophosphate buffer. 


Acid 

Cone, of acid {M) 

No. of 
exps. 

(Hange) 

Qa, (Mean) 

Av. deviation 
from mean 

— 


42 

0-00-0-68 

0-20 

±0-67 

Acetic 

001-0-02 


0-23-0-60 

0-42 

rbOlC. 

Propionic 

00l-4)02 

.3 

0-05--0-20 

0*12 

±0-05 

Butyric 

0-01 

39 

1-09-4-44 

2-55 

±0-46 

Valeric 

0-01 

2 

0-40-0-61 

0-51 

— 

Hoxanoic 

0-004 -0<X>75 

6 

219-3-2() 

2-62 

±0-34 

Heptanoie 

0 (H)4 0-(H)7 

4 

0-31-1 -.33 

0-88 

— 

Octanoic 

0-(K).>-0-006 

5 

1-44-2-25 

1-80 

±0-28 ^ 

Nonanoie 

0004~0-(K)6 

3 

0*48-0-92 

0-72 

i 

Decanoie 

0-0<J2 

3 

112-1-.79 

1-39 

— 


Acid 

Acetic 

Butyric 

Valeric 

He.xarioic 

Heptanoie 

< )(»tanoic 

Nonanoie 

De(‘anoic 


Approx, optiiiiuni 
conoentration for 
acetoacetic acid 
production 
M 

0 OJ - 

001 - 
001 

0 007 
0007 
0006 
0 006 
0002 


Approx, optimum 
concentration for 
respiration 
M 

0-01 (?) 
>002 
>002 
>004 
>0*01 
0-008 
>001 
0-0025 


acetoacetic acid production from fatty acids with odd numbers of carbon atoms is 
a real phenomenon, wliich must be taken into acjcount in any theory dealing with 
the mechanism of oxidation of fatty acids. 

iSJo experiments liav<i bi*on made with acids containing more than 10 carbon 
atoms. With decanoie acid the low solubility of the calcium salt and the 
lowered rate of acotoacetie acid production were already beginning to make 
quantitative work difficult, and these difficulties will presumably be greater, 
though not insurmountable, with the higher acids. 


The relation between respiration and acetoacetic acid production. 

The data obtained show that there is a real relation between the increase in 
acetoacetic acid production and the increase in respiration brought about by 
fatty acids. Table III .show^s that, at approximately the optimum concentrations 

Table III. Acetoacetic acid oxygen quotients, i.e. 



Guinea-pig liver. 

Oxygen. 

GlycorophowSphatc buffer. 







Mean values 



No. of 

Range of 

Mean 

of extra 

Acid 

Cone. (J/) 

exps. 

quotients 

quotient 

Q02 

Acetic 

0*01 

3 

0*0:4- 0-17 

0*11 

1*4 

Acetic 

0-02 

2 

014- 0-23 

0*18 

1*6 

Propionic 

0*01- 0*02 

3 

-0*02- + 0*01 

0*00 

5*8 

Butyric 

0*01 

7 

0*56- 0*69 

0*63 

3*8 

Valerio 

0*01 

2 

004- 0*07 

0*05 

5*7 

Hexanoic 

0*004-00075 

4 

0*42- 0*55 

0*49 

4*9 

Heptanoie 

0*004-0*007 

4 

0*03- 0*14 

0*08 

7*9 

Octanoic 

0*005-0*006 

4 

0*27- 0*41 

0*34 

4-3 

Nonanoie 

0*005-<l*006 

3 

0*08- 0*10 

0*09 

5*1 

Decanoie 

0*002 

3 

0*28- 0*14 

0*37 

2*8 
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acetoacetic acid production, there tends to be a characteristic ratio for each 
fatty acid. The value of the ratio falls off as the concentration of the fatty acid 
rises, as can bo calculated from many of the data given in Tables I and IV. 

This is connected with the fact that whilst acetoacetic acid production passes 
througi. a maximum at a certain fatty acid concentration, when the acid has 
from 5 to 10 carbon atoms, the respiration continues to rise as t he concentration 
is furt/her increased. This in turn may, however, pass through a maximum at a 
Ingher fatty acid concentration (Table I, see also Quastel and Wheatley [1933]). 
Tf le maximum concentrations tend to decrease as wo ascend the series of fatty 
i pids. 

^ Table IV. Inhibitory effect of higher concentrations of fatty acids 
on acetoaceMc acid formation. 


Acid 

Hexanoic 

Cone. (M) 

Oiiinea pi" liver. 

0005 

0 01 

0-02 

004 


Vo, 

10 JS 

11 74 

11 82 

12 25 


Va, 

2(>:i 

'1 75 

2*22 

2-0 

Decanoic 

(’otic. (M) 

0 

0-002 

0 004* 

0-006* 


Vo. 

4-97 

7-Sl 

7 -HO 

5-57 


Qv 

0:11 

14.-) 

1*20 

0-82 


* In these eoncontratioriH oaloiuin deeanoate i'* precipitated in the niediuni. ’^I'here a ra]>id 
decrease of the respiration with time in the atronj^c.st concentrat ion. 


The ratios given in Table III show very clearly tlie great difference in be- 
haviour between the acids with even numbers of carlion atoms and those with 
odd numbers. The difference is mainly due to the diffeirenoe in acetoacetic acid 
production, but is exaggerated a little by the interesting fact (Table 111) that the 
odd-numbered acids raise the respiration of liver more than do their (‘ven-num- 
bered neighbours. This fact suggests that odd-numbered acids are oxidis(‘d more 
completely in the liver than are even-numbered acids. 

It is seen in Table IV that raising the concentration of hexanoic acid well 
above its optimum value depresses the acetoacetic acid formation definitely, but 
that the inhibition is only partial. A similar effect was obstTved earlier with 
crotonic acid. The phenomenon, which is probably fairly general, is presumably 
an inhibition of a secondary type due to the high adsorption of the fatty acid 
anions. With decanoate, the inhibitory effect of higher (ioncenlrations may be 
due in part to the precipitation of calcium ion . 

AcETOAOEnC ACID PRODtTCnON AND RESPtRATlDV OF HAT LIVER IK 
PHESENOB OF FATTY ACIDS. 

The behaviour of rat liver is very similar to that of guinea-pig liver with 
respect to acetoacetic acid production, but there are a number of differences. 
Rat liver produces acetoacetic acid faster than does guinea-pig liver from the 
even-numbered acids (Table V). Butyric, hexanoic and octanoic acids yield 
acetoacetic acid at very similar rates, whilst the rate with decanoic; acid is rather 
lower. 

Rat liver without any added fatty acid yields acetoacetic acid at a definitely 
measurable rate, several times higher than that with guinea-jiig liver. This 
phenomenon complicates the decision as to whether the other added acids can 
yield acetoacetic acid. In the case of acetic acid it is clear that acetoacetic acid 
is produced, and at a rate higher than with guinea-pig liver. Valeric, heptanoic 
and nonanoio acids do not however affect definitely the nett rate of acetoacetio 
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Table V. Mean rates of acetoacetic acid production. 


Rat livpr. Oxygen, (jlj'oerophosphate bufler. 


Arid 

C.’onc. {M) 

Acetii 

OUl 

Butyric 

(K)i 

Vairrb* 

001 

Hexanoio 

0-(M)7 

Ilepianoir 

0007 

( tflanoir 

o-oor, 

Nonanoic 

000b 

Decanoic 

0 002.) 


No. of Range of 

exps. 

22 0-74-1 -oO 

4 2n-l>'7l 

0 3*42-5*()8 

1 

2 4 00-4 00 

I — 

H 4*24~40H 

1 

a :io2-:ioo 


Mean 

Av. deviation 

Qu 

from mean 

M2 

±0-17 

2:i8 

-iO-20 

4-53 

ztO 57 

1-04 


4-75 

— 

1-33 

— 

4*40 


100 

— 

3*30 

__ 


acid production at- the one set of concentrations at which thej^ have b(ien 
examined (TaVde VI). 

That the odd-numbered acids are oxidiscnl by rat liver is clear from tiie fact 
that they increase the respiration. The fatty acids Generally do not how(>ver 
raise tlie respiration of rat Iiv<'r as min^h as they do that of guinea-pig liver 
(Table VII), although they cause greater acetoacetic acid production. A possible 
explanation is that with rat liver tlu?re may be great (^r competition between the 
added fatty neitls find the substrates aln‘ady ])resent. However this may be, the 
fact finds its expression (Table \'JT) in higher values for the ratio extra aceto- 
aeetie acid produetion/extra respiration for the even-numbered acids. 


Table \T. Acetoacetic acid production and respiration in presence of 

fatty acids. 


Ex-p. 

Fatty arid 

Rat liver. 

Ox>gen. 

( I i\ cerojihosphate butTer. 


1 

A<rtie 

Oonc 

(-’/) 

t> 

O-Ol 





Qiu 

i(t-27 

ntio 





Qi 


Mt) 

2-40 



2 

Butyric 

(Vmc. 

i^) 

0 

00 J 





(Jo. 

0-77 

12-74 





(ji 


0-00 

4-55 



.3 


Fatty 

rtcid 

— 

Va.leratt‘ 

Heptanoate 

Nonanoate 



Oono. 

{M) 

— 

001 

0-007 

()-00(> 



(Jo. 

n 14 

13-24 

13-78 

15-05 





I4)t» 

1-04 

1-33 

1-00 


Table VII. Acetoacdic acid oxygen quotients. 
Rat liver. Oxygen. (JlyoiToplui^phato butter. 


Acid 

Cono. (M) 

No. of 
exps. 

Range of 
quotients 

Mean 

quotient 

Av. 

deviation 

Extra 

(Ji\ 

Acetic 

001 

4 

0-45-1 04 

0-83 

— 

1-0 

Butyric 

0-t)l 

8 

0-9M1-33 

1-08 

±0-12 

3-2 

Valerie 

0-01 

1 

— 

-0 02 

— 

2-1 

Heptaiioic 

0-t)it7 

1 

— 

0-09 

— 

2-0 

Octaiioic 

O'OOO 

2 

005-0-09 

007 


5-0 

Nonanoic 

O-OOti 

1 

__ 

-0 01 

— 

4-5 

Decanoie 

00025 

1 

— 

0-85 

— 

2-3 


Q.ir presenc>€ of a mixture of fatty acids. 

In Table VIII an expe^riment shows that when butyrate and hexaiioate are 
present together, the acetoacetic acid production is not raised above the level 
shown by either acid separately and is actually no higher than that given by 
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Table VIII. Experiments with two added substrates. 



Oxygen. Glycerophosphate buffer. 



Exp. 1. Guinea-piff 

Cone, butyrate (M) 

— 

002 


0-02 

liver 

Cone, hexanoate (M) 

— 


0-006 

0-006 


Qo. 

4-21 

9-72 

8-41 

10-42 


^a; 

014 

3*10 

2-32 

2-18 

Exp. 2. Rat liver 

Cone, butyrate (M) 


0*01 

O-Ol 



Cone, acetate ( M) 

— 

— 

O-Ol 



Qo. 

9-43 

12-34 

13-05 



Q^: 

1-00 

4-13 

5-00 



the acid showing the lower rate of production. A similar result was previously 
obtained for crotonic and but3n*ic acids. Competition of this kind is probably a 
general phenomenon, indicating some common mode of oxidation for the different 
fatty acicjs. 

Acetic acid however proves to l>e an exception (Table \T11), for in presence 
of butyrate and acetate is higher than when the acids are present alone. It 
would be expected that the mechanism of formation of acetoacetic acid from 
acetic acid would be of quite a difforcmt type from that involved in the oxidation 
of other fatty acids, and this result therefore accords with expectation. 

The formation of ^-hydroxybutyric acid and acetone. 

It may appear to have been tacitly assumed in previous discu.ssions, parti- 
cularly in Part I, that acetoacetic acid is the only product of fatty acid oxidation 
which concerns us. This of course is not true, for acetoacetic acid is transformed 
in the liver in two ways. 

One possible mode of breakdown of acetoacetic acid in liver is to acetone and 
carbon dioxide. Some evidence that acetone as well as acetoacetic acid resulted 
from fatty acid oxidation in the perfused dog liver was obtained by Embden and 
Engel [1908], but the decomposition may have been due to the perfusing blood, 
since according to Gr^goire [1933] dog blood decomposes acetoacetic acid to 
act^tone. A few figures we have obtained (Table IX) suggest that some acetone is 
formed during oxidation of fatty acids by rat livcT. The rate of formation of 
acetoacetic acid -f acetone, estimated gravimetricaUy, is greater than the rate of 
acetoacetic acid formation estimated manometrically, and probably thcu'efore 
acetone is being formed from acetoacetic acid. A more definite and interesting 
conclusion to be drawn from the figures is that acetoacetic acid is the only jS- 
keto-acid formed to an appreciable extemt in the experiments. If a higher homo- 
logue of acetoacetic acid were formed it would probably be estimated by the 
manomotric method but not, in view of Bakin’s experiments already mentioned, 
by the gravimetric method. 

Acetoacetic acid is also transformed in another manner in liver, namely to 
jS-hydroxybutyric acid. We have already shown that in the oxidation of butyric 
and crotonic acids by guinea-pig liver j8-hydroxybutyric acid is not an inter- 
mediary product in the formation of acetoacetic acid. In these cases therefore 
the formation of /S-hydroxybutyric acid results from a reduction of acetoacetic 
acid, and it is likely t}3at the same is true for other fatty acids. The figures given 
in Table IX show that quantitatively jS-hydroxybutyric acid is an important 
product of fatty acid oxidation in the liver, the amount formed in most of our 
experiments being of the same order as that of acetoacetic acid. Formation of 
jS-hydroxybutyric acid by the liver has been shown to take place from butyric 
acid [Fii^maim and Maaso, 1910, and others] and from hexanoic acid [Dakin, 
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Table IX. Oravimetric estimations of ketone body formation. 

The symbol Qjic* hitherto useti to indicate rate of acetoacetic acid production by the manometric 
method, is also used to indicate rate of formation of actitoacetic acid -i- acetone, by the gravimetric 
method, and is then always distinguished by the statement that the gravimetric method was used. 

Qmiy indicates similarly the rate of formation of j8-hydroxybutyric acid, and QKtt Ihc rate of 
formation of total ketones, both estimated gravimetrically. 

Rat liver. 


Medium — Hinger’s solution of initial pn 7*4. 

Kither CO^, O-OOS J/NaHCOg; or (JO*, 0-025Jlf NaHCOg. 


Exp. 

Subsirato 

Qx, (manom.) 

Qxi (gravr.) 

Ratio 

1 

Butyrate 

1*74 

l*9() 

0*89 

1 

Hexanoate 

1*27 

1*51 

0*84 

«> 

Ootanoate 

1*52 

210 

0*70 



^vr (grav.) 



3 

Butyrate 

2*89 

l*t)2 


1 

Butyrate 

l*9« 

1*40 


2 

Ootanoate 

2lfi 

2*.')8 




(Ju (manom.) 

C?k(t( 

Ratio 

1 

Butyrate 

1*74 

3*3fi 

0'52 

1 

Hexanoate 

1*27 

2*08 

0*01 

4 

( Ictanoate 

1*02 

1(U 

0*63 

2 

( Ictanoate 

1*52 

4*74 

0-32 

4 

Decanoate 

1*20 

2*22 

0*54 

2 

Decanoate 

1*27 

3*42 

0*37 


(1 

luinca-pig liver. 




Rmgcr H solution 

: 1-5 ‘>0 rOj, (i-ooy M NaHClOj. 


Exp. 

Substrate 

Qx, (manom.) 

4^k4t 

Ratio 

5 

Butyrate 

2*71 

4*07 

0*67 

0 

\'alcratc 

(»*95 

2*11* 

0-45 (? 

7 

Hexanoate 

1*50 

2*94 

0*51 

8 

Heptanoatfj 

0-80 

1-30 

0*61 

9 

( Ictanoato 

0*73 

0-79 

0*92 

10 

( letanoato 

1*22 

1*37 

0*89 

11 

Decanoate 

0*81 

1*55 

0*52 


♦ This value is too high, for, it has been found, in confirmation of the work of Butts ci al. [1935j, 
that valeric acid itself gives a precipitate in the Van Slyke estimation. 

Ringer's solution: 5% COj, 0*025 M NaHCOg. 

Exp. Substrate Qxc (manom.) 

5 Butyrate 2-71 4*07 

5 Butyrate + 0*002 if benzoate 1*53 2*25 

6 inhibition 43 45 

12 Butyrate 0*01 if 0*00 

12 Acetoacetate 0*01 if 1*18 

1923], but as far as we are aware it has not previously been shown to take place 

from other normal saturated fatty acids. 

A very rough estimate of the average ratios of the substances making up the 
total ketone bodies produced fiwm fatty acids by rat liver in our experiments is 
acetoacetic acid 0*5, acetone 0- 1 , jS-hydroxybutyric acid 0’4. The proportions will 
not necessarily be the same for other experimental conditions. The breakdown of 
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aeetoacetic acid to acetone is almost certainly irreversible, and the proportion of 
acetone will therefore increase with tim(\ The ratio of aeetoacetic acid to 
^-hydroxybntyric acid varies in our experiments, and the nett rate of trans- 
formation of one of these substances into the other will presumably depend on 
the supply of other metabolites to the liver cells. The (?e]is will tend to set up a 
dynamic equilibrium between these two substances, the position of the equili- 
brium being dependent on the conditions. 

Accepting, as we do, the view that acetoiu* and ^-hydroxy butyric acid are 
products derived from acetoac^etic a(‘id, it is important for us to know whether the 
nett aeetoacetic acid formation in any oih’! li^'or bears a constant ratio to the 
formation of total ketone bodies, for on this view t he total ketone bodies measure 
the gross aeetoacetic acid formation. Tt is, for instance, desirable for us to know 
whether a substance that inhibits the nedt aeetoacetic acid production to a 
certain extent inlnbits also the gross aeetoacetic acid production to an equal 
extent. 

We cannot claim that this is always the case, but where tlie point has be'cn 
tested b}^ us it is true. An experiment recordt^d in Table IX shows that benzoate 
inhibits the ned.t formation of aeetoacetic acid from but\Tic acid by guinea-pig 
liver to the same extent as it inhibits total ketone Ibr ination. Himilar evidence of 
a more qualitative kind regarding th(‘ inhibiting ac tion of benzoate- is presented 
la tor. 

If ^-bydroxybutyricacidisd('-riv(‘d fromaeetoaeetie- aeid, and not from butyri(* 
acid more directly, it would bo expected tliat acndoacetic acid might yhdd 
^-hydroxy butyric acid at a rate fastc'r than butyric acid does This exf)eetalion 
has been verified by an experiment wdth guinea-pig liver (Tabh^ JX), which tlu'n*- 
fore supports the views put forward. 


The yield of ketone bodies from fatty acids. 

In the experiments recorded in other sections of this work we liav(‘ en- 
deavoured to maintain the fatty aeid eon eentrat ions at le\'<‘]s which do not fall 
very much with time, so that the rates of oxidation are measurcHl under fairly 
definite conditions. 

In this section, on the other hand, we present (*x]>eriments in which tht* 
object has been to allow the tissue to remove the fatty acid complet(*ly during 
the experiment, the period of which has howevi^r been restricted as Ixdbre to 
two hours. The fatty acid concentrations have liccii lowennl and the quantity of 
tissue increased. Several manometer vessels have been s(‘t up in each experiment . 
In (^ach vessel the volume of solution and the initial conc^entration of the fatty 
acid have been the same, but the weight of tissue has been varied. By comparing 
th(^ quantities of ketone bodies form(?d in the presence of varying weights of 
tissue, it should be possible to tell whether any of the quantities of tissue has 
been sufficient to transform the fatty acid comjileb'ly, for when this object is 
attained the quantity of ketone bodies formed will be expected to bi^come 
constant. We apficar to have been successful in this object, but two difficulties 
arise in the exact interpretation of the experiments. 

(1) In the absence of added fatty acids, liver gives rise to some aeetoacetic 
acid. Increasing the quantity of tissue indefinitely will therefore probably in- 
crease the quantity of ketone bodies indefinitely. We can to some extent meet 
the difficulty (a) by choosing a liver with relatively low ^‘spontaneous acc^to- 
acetic acid production, i,e. guinea-pig liver rather than rat liver, and (6) by 
attempting to correct for the spontaneous’’ aeetoacetic acid formation. 
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(2) A second source of error, which however is small in our experiments, is 
the necessity of correcting for tlie quantity of ketone bodies removed from the 
vessels with the tissue slices. We find that the loss in weight of the vessels 
when th(^ tissue slices are removed is for guinea-pig liver about six times the dry 
weight of the slices found subsequemtiy. We have calculaUjd the correction to be 
applied on the basis that the ketones i)odies removed are equal to the quantity 
contained in an ecpial quantity of solution. As there may not be equal partition 
of ketone bodies between liver slices and medium, tlie assumption may lead to 
an error of a fc^w pvr cent, in our results^. 

Details of one of our t‘Xperimeiits are recorded in Table X, wdiich make clear 
the nature and magnitude of the corrections applied. The results of the experi- 
ments ar(‘ shown in Tabh* XI, where the several values obtained in each 
experiment, both c*c>rr(‘ctefl and not corrected for the '‘spontaneous’’ acetoacetic 
acid formation, are showui. 


Table X. Experiment shaming yield of acetoacetic acid from hexanoic acid. 

Og. ml. of Holution rontainme glyvcrophosphalo buffer. Gumea-pig liver. 

Ve.sst*! 

Initial cone, he.xanoate [M] 


Dry Mt. tisHue 

^ roo 

\h (aniline) 

jiil. (M (uncorreeted) 

;x,l. (’()j (eorreet(‘(i for anilme lilunk) 

/[il. (correolod for \osn due to tissue 
ivinoval)'*' 

{x\. ( (eorreeted tor ^poutaneon^ 
airtic* acid format ion )t 
li\. hevanoatc addt‘d 


* AceUuK’CtJc 
Hexanoh 
t At'otoaw'tic 
Hexanoic 


(uncorrcclx'd) 

(corrected) 


(14-117 ima.) 


1 

2 

3 

4 

— 

0(K)25 

0-0025 

0-0025 

fUTioveil from 
cui. 

vessels, to 

which wer<' 

adtled 0 2 ml. 


48*0 

39-7 

214 


1492 

1 548 

1 -553 

r 181 

f 1181 

4 107-2 

-r 75-3 

25 2 

170-2 

l(;5-9 

ll(i-9 

13-2 

104-2 

153-9 

104-9 

13 9 

178-9 

105-3 

109-1 

(» 

154-7 

145-3 

98-3 

0 

179-2 

179-2 

179-2 

— 

1-UO 

0-92 

o-r»i 

-- 

U-80 

0-81 

0-55 

4-5*> 

7-82 

7-80 

8-13 

U-2b 

1-91 

2-14 

2-()l 


In Table XI are alsn shown the results of a similar series of experiments 
carried out in the presence of 004.1/ sodium malonate. Malonate raises the 
spontaneous acelAjawtic acid formation in guinea-pig liver [.lowett and Quastel, 
1935, 2] ainl it was t hought that by increasing the correction for this it would be 
made clear whetiier or not this ciorrcction should be applied. It was foxmd later, 
however, that malonate inhibits the breakdown of acetoacetic acid by liver, 
and the complete interpretation of the exjx'riments is, therefore, difficult. 

The first set of experiments may be token to show that butyric acid yields 
about 0-3-0-6 mols. of acetoacetic acid, hexanoic about (19, ootanoic 0-6, and 
decanoic acid O-fi. 

The highest yields of acetoacetic acid previously obtained from these fatty 
acids were derived from the experiments of Embden and Marx [1908J with dog 

• It may be pointed out that the correction disousecd has not usually ta-en applied to cxiwri- 
meuts in other sections of this work. For 20 mg. of guinea-pig liver in 3-2 ml. solution, the 
correction amounts only to 4%, and for relative results in any one experiment is much less. 
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Table XI. Yields of ketone bodies from fatty acids. 


(guinea-pig liver. 





Acetoacetic acid in 

moh. per 

mol. of fatty acids. 

Several 




weights of tissue were employed in each experiment, the 


Initial 

fxh 

result for the largest 

weight being at the left oi each column 


cone. 

fatty 


r — 

— ^ 


^ 


Acid 

M 

acid 


Uncorrected 

A 



Corrected 

A. 


Butyric 

0004 

285 

0*49 

0*42 

0*36 

0*45 

0*39 

0*33 

Butyric 

0*004 

285 

0*55 

0*49 

0*36 

0*38 

0*34 

0*28 

Butyric 

0*005 

357 

0*40 

0*40 

0*27 

0*31 

0*33 

0*23 

Hexanoic 

0*0025 

179 

1*00 

0*92 

0*61 

0*86 

0*81 

0*55 

Octanoic 

0*0015 

107 

0*79 

0*84 

0*75 

0-.55 

0*64 

. 0*60 

Decanoic 

0*0015 

107 

0*84 

0*68 

0 65 

0*48 

0*48 

0*48 

Decanoic 

0*002 

143 

0*92 

0*83 

0*80 

0*(>4 

0*64 

0-64 




Yields of acetoacetic acid. 







In presence of maloriate. 




Hexanoic 

0*0025 

179 

1*32 

1*18 

1*07 

0*89 

0-85 

0*82 

Octanoic 

0*002 

143 

1*51 

1*28 

— 

0*88 

0*92 


Decanoic 

0*002 

143 

1*27 

1*14 


0*70 

0*74 

— 

Docanoic 

0*002 

143 

1*35 

1*19 

— 

0*63 

0*69 

— 




Yields of total ketones. 







Mols. per mol. of fatty acid. 




Butyric 

0*0029 

223 

0*36 

0*35 

0*28 

0*22 

0*26 

0*21 

Hexanoic 

0*0022 

179 

1*29 

1*26 

1*06 

1*16 

1*15 

(»*98 

( )ctanoic 

0*002 

142 

1*14 

1*27 

1*21 

0*96 

Ml 

Ml 

Docanoic 

0*002 

156 

0*86 

0*85 

— 

0 66 

0-69 

*- 


livers. Those figures show a yield of 0*12—0*18 mols. of acetone -h ace toace tic 
acid |}er mol. of fatty acid, uncorrected for the “ spontaneous ” production by the 
liver. It was not jjroved or even suggested in those experiments that the fatty 
acids added were completely removed by the liver. The low values of the figures 
have however made Leathes and Ilaper [1925] sceptical of the importance of 
ketone bodies in fatty acid metabolism, and it is only evident now that aceto- 
acetic acid is a quantitatively important product of fatty acid oxidation. 

An even more interesting figure than the yield of acetoacetic acid is the yield 
of total ketones from the fatty acids. A few experiments have been made to 
determine total ketone yields on similar lines to those carried out with aceto- 
acetic acid, and they are summarised in Table XI . The medium in these experi- 
ments was Ringer’s solution (5% COg, 0*025 3f NallOOa). In the “blank” 
vessels, f.e. those to which no fatty acid was added, the quantity of total 
ketones found as mercury precipitate did not exceed 0*44 mg., which corresponds 
to a value of of 0*09. 

The Van Slyke method is probably inaccurate for the small precipitates in 
question, and we have assumed a “blank” value — 0*2 for the purpose of 
calculating “corrected” values for the yield of total ketones. The experiments 
give us values of 1*16-1*3 mols. of total ketones trom hexanoic acid, 1*1 -1»3 
from octanoic acid, and 0*7-0*85 from decanoic acid. The value found with 
butyric acid, 0*2-0*35, is probably rather too low, in view of the higher yield of 
acetoacetic acid previously found. 

We caimot state with certainty that any of the values definitely exceeds one 
molecule of total ketones per molecule of fatty acid, and the results may be 
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summarised as follows : hexanoic and octanoic acids each yield about one mole- 
cule of ketone bodies, decanoic acid slightly less and butyric acid molecule. 

The yield of ketone bodies from butyric acid is much less than that from the 
higher acids, and it is therefore very unlikely that the higher acids yield ketone 
bodies exclusively by a mechanism by which they first break down to butyric acid. 

It is i>os8ible that a proportion of the fatty acid is broken down by a path 
that does not lead to ketone bodj^ formation, and the greater yields of ketone 
bodies which have been found with fatty acids higher than butyric acid may be 
explained on the following lines : (a) acetic aciid may be one of the products of 
breakdown of higher fatty acids, and this may be an additional source of 
acetoacetic aciid, or (6) octanoic and dc'canoic acids may break down into two 
units containing four carbon atoms and thereby yield two molecules of aceto- 
acctic acnd^. 

It is unlik<dy, however, that the production of acetic acid from hexanoic acid 
will explain the very considerable difference between the yields of acetoacetic 
acid from this acid and from butyric acid, for this would nect‘ssitate the complete 
cf >11 version of acetic acid into acetoacetic acid. 

This section may be concluded by giving some values (Table XII) for the 
acetoacetic acid formed per molecule of fatty acid added, wdiich were obtained in 
t‘X[XTiments not specially designed for obtaining complete remo\’'al of the fatty 
acid. Tlie figures given are therefore lower than the actual ^^delds that could be 
obtained, hut may serve for tlie presfmt to indicate minimum values of the jdeld 
of acetoacetic acid, for some cases wdicre a better apfiroximation is not yet 
available. The figur(‘s are sufficient to show that guinea-pig liver produces 
acetoacetic acid from heptanoic and nonanoic acids to a small but definite extent. 
It is also clear that rat liver produces acetoacetic acid from the even-numbered 
fatty acids to a considerable extent. 


Tab! ('XII. Yi ( Ms of aMoaceii c ac id . 


(Xut. maxinnini value.s.) 


Vitid, niols. acetoacetic 
acid per inol. fatty acid 


Liver 

Acid 

Initial cone. 

M 

pi. fatty 
arid 

Uncorrected 

(brrected 
for l)lank 

(iiiiiica-pig 

Ac«‘tie 

iHm 

357 

t)-08 

04J4 

\^aieric 

O'OOo 

357 

0-00 

0-04 


Heptanoic 

0(K)7 

5tM> 

0-18 

0-14 

„ 

Nonanoic 

0-002 

143 

0-31 

010 

Hat 

Acetic 

001 

714 

0U> 

0-08 


Butyric 

0-(»l 

714 

0-45 

0-34 


Octanoic 

0(K)6 

42S 

0-29 

0-23 


Decaiioic 

0-(H»25 

178 

0-88 

O-oS 


Acid-hose changes during fatty acid oxidation. 


A series of experiments is summarised in Table XIII in which the change in 
the bicarbonate concentration of the Ringer’s solution employed as medium is 
used to measure the production or disappearance of fixed acid during the oxida- 
tion of fatty acids by guinea-pig liver. The symbol , defined on similar lines 
to the others employed, denotes acid production. As is usual, no att^mipt has 


^ The probability of this latter mode of breakdown is enhanced by the conclusion drawn, in 
work recently published by Butts et al. [1935], that the intact rat can break down octanoic acid to 
two molecules of ketone bodies. These authors consider that in the rat butyric and hexanoic acids 
yield about one molecule of ketone bodies. 
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Table XITI. Jcid production during fatty acid oxidation. 
(Guinea-pig liver. 



Kinger’s 

solution ; 

-f l-5‘b> 

UOj, 0-009 M NaHCOj. 




Added 

(.‘one. 





Qs 

Exp. 

substrate 

M 


du 


Qa. 


1 



4^0-20 

0-19 

— 

— 


2 




^ 0*40 

0-25 

— 

- . 

— 

a 



0-25 

0-(i9 

— 

— 

— 

4 




- 0-35 

— 

— 

— 

— 

.5 



- 

‘ 0-51 

(ti4 

- 

... 

— 

0 

— 

— 

4 0-3S 

— 


— 


.3 

Acetate 

(H)ur» 

0-39 

0-38 

-- 

- 1-0 

— 

4 

Acetate 

O-UOt) 

- 1-23 

— 

— 

— 

... 

H 

Pro})ionate 


3-2.5 

' 

— 


— 

7 

J*ropiunnte 

O-Ol 

- 2-.3.3 

-- 

- 


— 


Butyrate 

0(MMi 

-0-04 

34 Hi 

— 

-0-t)l 

- ' 

H 

Butyrate 

(H)l 

0-17 

-- 


- 

— 

e 

Valerate 

t»Ul 

- l-SC) 

0-95 

2-11* 

- 2-0 

-0-9* 

0 

Hexaneate 

iMHMi 

- 2 20 

2-93 

— 

t 0>s 

— 

10 

Hexanoat<‘ 

0 (K)7.3 

• 1-40 

1-50 

2-94 

;-0-9 

f 0-;3 

11 

Heptanoate 

U4K)7 

-J-0-.32 

OSO 

1-30 

-r 0-ti 

-h 0-4 

12 

Octanoate 

0 0(4 

r2.>0 

2-22 

- 

t 1-1 

— 

13 

Oetauoate 

0-004 

f 1-9.3 

T-75 

— 

4^ 1-1 


1 

Oetaijoate 

0-004 

4- i 97 

2 03 


1 JO 

— 

14 

Oetancate 

0-(KKi 

- 0 (i3 

0-73 

0-7!i 

rO-9 

1 0-8 

Id 

(.letanoate 

0-00(i 

r(H)l 

1-22 

i-37 

4 0-7 

, 0-7 

Hi 

Heeaiioate 

0-0025 

+ 1-10 

0-81 

1-55 

1.4 

1 0-7 


* See footnote to Table IX. 


been made to correct vahies of for the buffering power of th(‘ tiswne or 

for th(' very slight bullering due to the biear bon ate -carbonate system, and the 
rt'sults will all be tiumerically a little too low. 

The results are illuminating, although not vc‘ry numerous. It may first b(‘ 
noted that there is evidence of a definite parallelism between and in the 
eases where sevcTal ex])eriments have been don(‘ with any one acid. Th(‘ 
parallelism provides some evidence that the acid- base changes ar(‘ directly con- 
nected with fatty acid oxidation and art' not due to a secondary stimulation or 
inhibition of other ju’ocesses ij) tht* liver. 

Hexanoic, octanoic and deeanoic; acids all show acid ]>roductioii dt^finitely 
exceeding the small acid production by liver in the absence of addcnl fatty aciti. 
ButjTic acid on the other hand shows a slight disappearance* of a(ud as (i(»m- 
pared with the control. 

The reactions 


CHa.CHjj.CIh.C/Ocr CH3.r0. (‘Ha. COO' (Ti3.CH(OH).(‘H2.(;()()' 
which occur with butyrate lead to no acid-base change, while the reaction 
CH8.(X).(‘H3.C0()'-^H20 — CH 3 .(‘().C'H 3 -f HCO./ 

which probably occurs to a small extent, leads to disap f)earance of fixed acid. 
It may be concluded that any other type of oxidation wdiicli butyrate may under- 
go docs not l(*ad to much nett appearance or disappearance of acid groups. 

Th(^ reactions occurring with the higher even-numbered acids may on two 
views at hjast b<^ expected to lead to production of acid. 

(1) The reaction with hexanoic acid may bo 

CH 3 . C’H^ . CH., . OH, . CHa . COO' -> CH.,. CO . CH^ . (X)O' 4 - (TI 3 . COOH, 

and on the same lines the higher acids would give two or more molecules of 
acetic acid. It must be made clear that there is no evidence whatever, of which 
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we are aware, that acetic acjid is a product of fatty acid oxidation. That any acid 
at all is produced during the oxidation of fatty acids by liver, beyond acetoacetic 
and jS-hydroxy butyric acids, is a fact which has not been shown prior to the 
present work. 

The hypothesis that acetic* acid is formed is not easy to test from our data. 
Reactions such as the one fcirmulated lead to quite definite ratios between the 
acid production that should be observed and the formation of ac^etoacetic acid-f 
j3-hydroxybutyric acid. With liexanoic acid the ratio should be 1, with 

octanoic 2, with decan oic 3. The position is complicated by the fact that part of 
the acetic acid liypothetically forme^d would react further, and in such a way as 
to lower tJie expected ratios f)elow the values given. 

Acetic acid itself forms acetoacetic acid, and furthermore, if the process is a 

condensation, , 

’ {-OH', 


fixed acid will disappear. Disappearance of fixed acid is observed, in fact, with 
acetic acid in liv(*r, but its amount is probably greattT than can be accounted for 
by the rate of acetoacetic acid formation, and it may be that some of the acetic 
acid is oxidised completely, with disappearance* of fixed acid. 

In spite of the complications, it would bt^ expected on the hypothesis that 
the ratio would rise as we pass from ht*xanoic to octanoic and from octanoic 

to decanoic acid. The ol)se‘rve<l ratios (0*5, 0*7, 0*7), however, do not lead to a 
definite eonelusion. Attemy)fs to isolate acetic acid as a j)roduct of fatty acid 
oxidation should settle the (jiu^stion. A fev' experiments wc have made in this 
direction have as yet given no definite results. 

(2) It has been found by Wrkadf* and van der Jx^e [1934. 1] that when human 
subjects arc fed on g]yeerid(‘s made from pure saturated fatty acids, the reaction 


takes place in the body to some exOmt when n-\-2 has values of 8 to 12, for small 
quantities of the dibasic acid are excreted in the urine. 8uch a process as that 
formulated would letui to the observation of fixed acid production in our experi- 
ments. It is, how^ever, unknown wheth<*r the production of dibasic acids takes 
j)lace in the liver or elsewhere in the body. The yields of dibasic acid in the urine 
are also small in relation to the quantity of fatty acid ingestc^d — octanoic acid 
giving up to 0*18% and decanoic acid up to 2*2% of the yield theoretically 
possible — and it is therefore* unknown whether a considerable proportion of the 
fatty acid is oxidised in this way in the human body. From our results on the 
total ketone production from hexanoic acid, wo conclude that hexanoic acid at 
least does not undergo oxidation in guinea-pig liver to dibasic acid as a final 
product to any appi-eciable extent, hence it is unlikely that the acid production 
observed in this ease can be due to the formation of dibasic acids. 

The reaction formulated, however, together pcirhaps with degradation to 
lower dibasic acids [Verkade and van der Lee, 1934, 2], cannot at present be 
excluded as a possible partial path of oxidation for a number of the fatty acids. 

Lot us now consider the problem of the oxidation of the odd-numbered acids. 
It will bo seen tliat when propionic acid is oxidised, there is a considerable dis- 
appearance of fixed acid. This may be due to complete oxidation of some of the 
propionic acid, and perhaps, as already suggested [Dakin, 1922], lactic and pyruvic 
acids are intennediaries in the oxidation. 

With valeric acid fixed acid also di8api)ears, whilst with heptanoie acid 
there is apparently slight acid production. With both these acids formation 
of acetoacetic acid is Ifigher than would be expected if acetic acid is the inter- 

Biochem. 1936 xxix 138 
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mediary that gives rise to it. It is probable that valeric acid gives rise directly 
to some acetoacotic acid but the disaiipearance of fixed acid suggests that a more 
important mode of oxidation may be through propionic and acetic acids or their 
partially oxidised derivatives. The reaction may be primarily: 

, CH3.CHj.CHa.CH2. coo H -vCHa.CHj.COOH-f CH3.COOH 
the propionic acid undergoing complete oxidation, the nett result being a dis- 
appearance of fixed acid but rather less than in the case of propionic acid alone 
owing to the prosorice of the hypoth(‘ti(?al acetic acid. 

When heptanoic acid is oxidised we imagine the same process extended, so 
that a molecule of propionic acid and two molecules of acetic acid are formed. 
The nett result of this process would be greater fixed acid production than in the 
case of valeric acid. Acetoacetic acid production from heptanoic acid cannot be 
explained as dependent upon the formation of acetic acid. 

It will have been observed in Table XIII, that whore a weakly buffered 
Ringer’s solution was used, the production of acetoacetic acid from valeric and 
heptanoic acids compared with those from the even-numbered acids seems high 
relative to the figures previously obtained in a glyt‘d*ophosphate medium. It 
occurred to us that this plienomenon might be due to a relatively low in 
these experiments, caused by the greater acidifying effect of respiratory carbon 
dioxide when the initial carbon dioxide content of the gas mixture is low (1*5 %). 
We have therefore compared (Table XIV) the relative activities of the odd- and 
even-numbered acids in more strongly buffered media and have obtained some 
indication that at a lower pjj the acetoacetic a (‘id production of the odd- 
numbered acid is raised relatively to that of a lU'ighboiiring even-numbered acid. 

Table XIV. Effect of pj^ on relative acetoacetic acid production from odd- 
and. et^en-numbered acids. 

Guinca'j)ig liver. Hinger’.s solution, 95% ,5 %(•(),. 

in prenc^nce of 

Initial Approx. No Valerate Hexanoate Hejitanoate Octanr)ate 

Exp. [HCO3'] Pii afldition 0-0 1 jl/ U*007 J/ OtKMiJ/ 

1 0(J2r> 7-4 — 0-49 2-25 OOl J.r>2 

2 0'012o 7«I 0 10 0*84 2o;{ 092 

The effect of benzoate on the oxidation of fatty acids. 

We have already shown in Part I that benzoate at low concentrations inhibits 
the oxidation of butyric and crotonic acids to acetoacotic acid by guinea-pig 
liver. The same substance has been examined here with iv>gard to its inhibiting 
action on the formation of acetoacetic acid from fatty a(‘i(is by rat liver. 

As will be seen from Table XV, 0*002 M benzoate lowers by some 50% 
(a) when there is no substrate added, (6) when acetic acid is present and (c) when 
the substrate is butyrate. It should be noted that the respiration in the absence 
of added substrates is unaffected by benzoate at concentrations up to 0*04 Af, 
Benzoai-e at low concentrations is evidently quite a specific poison for tissue 
processes. 

Benzoate, however, in contrast to its effect on in presence of acetate and 
butyrat(% lias a much smaller effect on the production of acetoacotic acid from 
hexanoic, octanoic and decanoic acids (Table XV). 

As a result, when the acetoacetic acid productions in the presence of benzoate 
from the various fatty acids are compared in any one experiment it is found that 
butyrat^^ is lower than that from hexanoic, octanoic and decanoic acids. 
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Table XV. Effect of benzoate on formation of acetoacetic acid. 

Hat liver. Oxygen. Olyc'erophosphate buffer. 

% decrease in Qxc bi presence of 
Substrate (Ji) ()‘002 M benzoate 


. — 

53 

32 

40 

Aoctate (M)! 

5J 

03 

50 

liutyratc 0-0 1 

(i.3 

48 

45 

Hexanoate 0007 

13 



< )ctanoaiv 0-00(> 

18 

20 


Decanoate 0*0025 

.5 




Valuea of Q in pnsvnce of 0‘ 002^1 benzoate. 


Kxp. 

llutyrate 

Hexanoate ( )ctanoate 

Decanoate 

1 

2-1 i 


4*01 




o 

1-70 


— 

3*45 



3 

1*81 


- 

3*44 

— 

4 

200 

Valtus 

ff Q 1,. presence of benzoate. 

3*79 


('oncentiatioii 

Hut vrate 

Hexanoate 

Oetanoate 

1 )ceanoatc 

Exp. 

lu'nzuale (.)/) 

0*023/ 

0*007 M 

0000 J/ 

0*00253/ 

5 

0 

4*70 

4*90 

4 -OS 

3*07 

0 

0(H)5 

2*02 

4*22 

4*.*)7 

3*12 

7 

0*0075 

1 77 

3 09 

3*97 

3*10 

8 

0*01 

2*50 

3*92 

4*09 

4*01 

Same above in relative unif^'^. 

Conoontration 

Values of Q 

in presence of benzoate. 

Exp. 

benzoate' 

Butyrate 

Hexanoate 

Oetanoate 

Decanoate 

5 

0 

153 

100 

152 

(100) 

0 

0*005 

84 

135 

140 

(100) 

7 

0*0075 

57 

100 

128 

(100) 


1 U0U70 oi unf izfs 

8 001 05 08 102 (100) 


When the coiuH*ntration of benzoate is increased, it is pos.sible to find conditions 
where, similarly, Qy^. from liexanoate is lower than that from octanoic acid. 
Probably conditions of benzoate coneeniration could be found under which 
decanoic acid would form a(x>toacetk* acid fasttir than do octanoic and hexanoic 
acids. 

In the absence* of benzoattJ the values of Qy^ are approximately equal with 
butyrate, hexanoate and octanoate, but rather lower with decanoate. The 
behaviour in abseruto of benzoate may thus be compatible with the j3-oxidation 
mechanism according to which decanoic acid is transformed successively into 
octanoic, hexanoic and butyric acids before acetoacetic acid is formed. The 
behaviour in presence of bt*nzoate, however, is very difficult to explain on this 
theory of fatty acid breakdown. 

Before considering the subject further, we should noU> that it has also been 
found that the same alteration in relative rates with the different fatty acids by 
benzoate is shown when we measure the total ketone production instead of 
acetoacetic acid production. Eeference to Table XVI shows in the case of rat 
liver that the findings are the same, and that the total ketone production from 
but3rric acid can be lowered below the level shown by the other fatty acids. 

These results clearly compel us to abandon the mechanism proposed by 
Embden. The formation of ketone bodies from the higher fatty acids appears 
not to be necessarily preceded by their degradation to lower fatty acids and 

138~~2 
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Table XVI. Total ketone, production in presence of benzoate. 
Ringer’s solution (Oo*?;, (>2 + 5% COg: 0-025 M NaHCOg). 


iri presence of 



Butyrate? 

Hexanoate 

Oetanoate 

Decanoate 


0 02 31 

0 ()07 31 

0 000 M 

0 (X)26 M 

Rat liver, 0-01 M benzoate 

1-54 

2-48 

3-13 

1-95 

Rat liver, (>*015 M benzoat(‘ 

2-28 

3-08 

203 

— 

(luinea-pig liver, 0-01 31 benzoate 

1 39 

0-87 


— 

Cuim*a-pig liver, 0-01 31 benzoate 

0-85 

0-54 

001 

0-71 

finally to butyric acid before ketone bodies 

are formed. 

No escape 

from this 


conclusion see^ins possible. In our experiments but jTic acid is the acdd with which 
optimum conditions are most easily obtained, since excessive concentrations do 
not affect the oxidation to ketone bodies. It is much more certain that conditions 
are optimum for butyrate than for the higher fatty acids, and yet in presence of 
benzoate it forms ketone bodies at a lower rate than do the higher fatty acids. 

It remains to consider our experiments further in the light of one or two 
possibilities. 

(1) It is possible that a part of the ketone bodies from the higher fatty acids 
arises through acetic acid which may be split off from them as an intermediary. 
Our experiments with acetic acid show however that acetoacetic acid production 
from it is as much inliibited by benzoate as is that from butyrate, and is in any 
case small. The view that acetic acid is an intermediary is therefore of little 
importance in tliis connection. 

(2) In the case of octanoic and higher acids, it is conceivable that a molecule 
of fatty acid might give rise to two or more molecules of acetoacetic acid, and 
that one of these molecul(\s might be formed tlirough butyric acid as an inter- 
mediar}^ On this view the inhibition of ketone body formation in th(* case of 
octanoic acid should be at least half as great as with butyric acid. 

In the case of guinea-pig liver the inhibitory eff ect, of benzoate does not vary 
so much from one fatty acid to another (Tables XVT and XVll), and we cannot 
(conclude from our experiments on this tissue with benzoate that the Embden 
mechanism is invalid. Apparently ffuoride, like benzoate, inhibits acetoaceti(^ 


acid production from the higher fatty acids rather less than from butyric acid 

Table XVII. Effect of inhibitors on guinea-pig liver. 


Exp. 1. (Ringers solution: 5% COgj 0-025 NaHCOj.) 




('One. butj’^rate {M) 0-01 

0-01 

— 

— 


Cone, oetanoate {M) — 

— 

001 

001 


Ome. benzoate (31) — 

0-002 


0-002 


Q^< 1-78 

0-74 

1-79 

0-90 


‘*0 decrease in — 

58 


50 


Exp. 2. (Clycerophosphate buffer.) 





Cone, butyrate (M) 

0-01 

0-01 

— 

— 

Cone. oetanoat(‘ (M) — 

— 


0-006 

0-006 

Cone, riuonde (31) — 

— 

0 0031 

— 

0*0031 

4-00 

8-18 

5-07 

9-25 

6-12 

0-18 

2-27 

0-(>7 

1-93 

0-84 

’^0 decrease in 

— 

70 

*— 

57 

Exp. 3. (Clyeerophosphate buffer.) 





Cone, butyrate (31) 

— 

0-01 

0-01 


(Jonc. arsenite ( M) — 

O-OOl 

— 

0-001 


4-53 

1-90 

8-68 

2-23 


Qx. 0-20 

0-02 

2-95 

0-40 
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An experiment in Table XVII shows in an interesting way how much more 
specific fluoride and benzoak^ are in their actions on acetoacetic acid production 
than is arsenite. Arsenite inhibits acetoacetic acid production strongly, but the 
respiration also is greatly inhibited, showing that other tissue-processes are 
greatly affected. 

The mechantsms of the oxidations. 

The jS-oxidation theory of Knoop proposes that fatty acids are oxidised in a 
series of stages, in each of which the j8-carbon atom of a fatty acid is attacked in 
such a manner that loss of two carbon atoms follows. The experiments of 
Embden led him to suggest that for the even-numbered fatty acids the stages 
led through the following substances: 

dccanoic a<*id v. ocfcanoic acid hexanoic acid butyric acid acctoa'^etic acid, 

Embden founil that the odd-numbered acdds formed no acetoacetic acid, which 
is the result anticipated if these acifls also undergo j3-oxidation. 

We have found, in accordamte with Embden, that tlie rak' of production of 
acetoacetic a<dd from fatty acids varies in an alternate manner, the even- 
numbered acids producing mucli more acetoacetic acid than theii* odd-numbered 
neighbours. A new result is that, with guinea-pig liver at least, the odd-numbered 
fatty acids — apart from formic and propionic acids — also give rise to small but 
significant amounts of ac*ekjaceti(‘ acid. 

It is therefore likely that ^-oxidation, if it occurs at all, is not the only type 
of oxidation whi(di takes place with th(^ odd-numbered acids. 

The fatty acids jiroduce j3- hydroxy butyric acid as well as acetoacetic acid. 
The hydroxy-acid is proliably produced by reduc‘tion of acetoacetic acid, for 
this has been shown to bt* true in the ease of (to tonic and butyric acids [Jowett 
and Quastel, 1935, 1 J. The production of total ketones is therefore in all prob- 
ability the best im^asure of the gross acetoacetic acid production. 

The increase in respiration of guinea-pig liver brought about i)y odd-numbered 
acids is greak^r than tliat due to their even-numbered neighbours, which suggests 
that the odd-numbered acids are more com}>let-elv oxidised. This more complete 
oxidation would be expected if odd-numbered acids yield a three-carbon acid 
which is readily oxidises! by the liver, in contrast to acetoacetic acid, which is 
little oxidised. 

The yields of total ketone bodies obtained from the even-numbered acids of 
4 k) 10 carbon atoms with guinea-pig liver are of the order of one molecule of 
ketone bodies piT molecule of fatty acid. 

So far, then, we have a numlx’ir of facts which are in general accord with the 
jS-oxidation theory, although there is a suggestion that the odd-numbered acids 
possess also another mode of oxidation which may not be quantitatively of 
great importance. The facts next to be considered may also be ink^rpreted on the 
jS-oxidation theory, if wo add to this an assumption regarding the nature of the 
product formed from the two carbon atoms lost in each stage of oxidation. W\? 
have, in fact, found that fix(»d acid is produced during the oxidation of the higher 
fatty acids by guinea-pig liver. The acid (or acids) has not yet been identified. 
If it should be acetic acid, or another 2-carbon acid, our results regarding acid 
production arc in qualitative agreement with the predictions of the jS-oxidation 
theory. These results have already been discussed. 

The suggestion that acetic acid is a product of fatty acid oxidation leads to 
the query whether acetic acid might not be the source of the acetoacetic acid 
formed by the higher odd-numbered fatty acids. Since these acids form 
acetoacetic acid at a higher rate than does acetic acid with guinea-pig Uver, it is 
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probable that the explanation does not suffice, and that ^-oxidation will not 
explain the acetoacetic acid production of odd-numbered acids. 

Considering more quantitatively the yiedds of ketone bodies obtained from 
the even-numbered fatty acids with guinea-pig liver, we see that butyric acid 
gives a lo^wer yield than do the higher fatty acids. Hen^, again, we may ask 
whether the higher yield obtained from thc^ higher acids may not be due to their 
yielding acetic acid, w^hich may bo a source of additional ketone bodies. From 
our data, we consider that this possible explanation of the higher yields is in- 
adequate. Now, according to the jS-oxidatioii theory, butyric acid may give a 
higher yield of ketone bodies i ban do the higher fatty acids but cannot give a 
lower yield. Taking into account acetic acid as a possible int(?rm(‘diary, we find 
the position little altered. Wo, theredbro, consider that the facts regarding yields 
are incompatible with the jS-oxidation theory. 

A more striking diacre])ancy still is found in the <‘fTect of Ixmzoate on the 
rates of actdoacetic acid and total ketom* body production from the even- 
numbered fatty acids. The rat(‘s are much more strongly inhibited in the case of 
Inityrate tlian with the higher fatty acids. In the absence of an inhibitor the 
rates of acetoacetic acid production from the 4-, ♦>- anrl 8-carbon acids are 
approximately equal. In the j)r(\sene(' of benzoati* the t>-, 8- and 10-oarbon acids 
yield acetoacetic acad and total ketones at definiUdy higher rates than does 
butyric acid. Since the prodm tion from acetic acid is low, and is as strongly 
inhiluted by benzoate as that from but\Tie acid, it does not avail to suggest that 
acetic acid is an intermediary and is causing an apparent discrepancy with the 
j8-oxidation theory. W(' must therefore eon(‘lud(» that tlie t‘ven -numbered fatty 
acids are not broken dovm through butyric* acid as an intermediary. Nor, 
according to our data, can licxanoic acid be an inlcrm(*diary for the higher acids. 

We are t heredbre forced to abandcui the ^-oxidation theory. I n attempting to 
formulate a new' hypothesis to replace it, w*e will first j)oint out that at the present 
stage such a hypothesis must cliffer from the ^-oxidation theory more in the 
mechanism of oxidation whic*h it proposes than in tJie nature of the products 
which it supposes to be formed. 

We propose (he view tliat fatty acids undergo, at a cointnon enzyme, an 
oxidation throughout the? fatty chain, alternate carbon atoms bedng affected. 
The oxidised product then breaks down. We. may term this a thc'ory of ’'multiple 
alternate oxidation ’’i. 

At the present time, the detailed application of this theory is necessarily 
somewhat speculativc\ The oxidised intermediary .substances, which may exist 
only in combination with the cjizymc, may be .supposed to be capable* of breaking 
down in a number of ways. 

The theory is illustrated below by the supposition that an evem -numbered 
acid, o(‘tanoic acid, undcrgo(?s oxidation at its S- and f-carbon atoms before 
the* chain breaks, and that an o(l(l-numl»cred a(;id, val(*ric acid, may undergo 
eitluT ^-oxidation or oxidation at the a- and y-carbon atoms. 

(1) Kvfm-munbered acid: 

( ' Ff , . C:Ho . CH^ . C Ff , . ( C'Tb . C’OOH 

- ('H,.C.CH,,r.CH2.'c.CH2.C()OH -i SH 
‘ > 1 cn 3 . (;o . C! Hg . C< > . , 00 , CH^ . (K )()H j 

or 

+2CH5.COOH 

A .sointiwhat Miinilar view was put forward F)y Hartley [ 191 ( 1 ). 
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(2) Odd-numbered acid: 

(а) ^-oxidation 

CH, . CHi . Cllj . CHj . C:o< )H 

- ( ’ H;, . ( ;H . . c". flH. . C( )OH + 2 H 
- r ( 'Ha . (JHj . f ’( )0 H - ( JH, . C< )( )H 

(б) ay-oxidation 

CUa.CHa.CHa.CHa.f'OOH 

-- rjra.V.ciij.V'.c* xm -i .iH 
-iciia.co.cnj.co.coon) 

or " , 

VH^.CO,Clh.(HH)U CHa.COOH 

(or ]L(^(H)ll) -CHs.ro.COOW 

The detailed working out of our hypothe.sis is still, as just pointed out, a matter 
of speculation. We cannot dismiss the possibilit y that even-numbered fatty acids 
may und(Tgo oxidation at their a-, y-, . . . carbon atoms, or the possibility 

that a)-oxidation may occur with th(‘ higher fatty acids to srune considerable 
extent. 

We can do litth^ more now than ])resent the hypothesis that oxidation pro- 
ceeds along the wholi* c‘hain c)f a fatty aeid moleeiih* at alternate carbon atoms, 
with th(' ultimate formation of aeetoaeetie aeid and other ac id products. Oxida- 
tion at th(‘ /?-, 8- ... carbon atom.s is cojisider(Kl to be the major ])roeess in the 
oxidation of fatty a-cifls (‘outaiiung four or mor(‘ carbon atoms. 


SUMMAKV. 

1. An investigation has been made* of th(‘ formation of aeetoaeetie and 
j8-hydroxybutyric acids, re^sulting from the oxidation of the normal saturated 
fatty acids containing from two to ten carbon atoms, in tlie presfuice of rat and 
guinea-pig liver. Van Slyke's method fur estimating ketone bodies is used on a 
micro-scale. 

2. Acet^^acetic aeid is probably the only j8-koto-acid produ(;ed in significant 
quantities by the oxi<iation of fatty acids. 

3. Acids of four, six and eight carbon atoms produce aeetoaeetie acid most 
rapidly. Tlie ten -carbon acid is slightly less active and acetic acid considerably 
less active. 

4. Acids of five, seven and nine carbon atoms produce aeetoaeetie acid at 
small but significant rat<*8 with guinea-pig liver. Propionic acid does not form 
aijetoacetic acid. 

5. The greak^r increase* in the respiration of liver brought about by the odd- 
numbered fatty acids suggests that these are more completely burned to carbon- 
dioxide and water than their even-numbered neighbours. 

fi. In the case of gtiinea-pig liver, about one molecule of ketone bodies is 
produced per molecule of hexanoic or oetanoic aeid, and rather less is produced 
with deeanoic acid. The yield of ketone bodies from butyric acid is considerably 
lower. 

7. With all fatty acids higher than valeric acid, oxidation results in the 
formation of fixed acid, which is greater with the even-numbered fatty acids 
than with the odd-numbered fatty acids. The nature of the fixed acid produced , 
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which is neither acetoacetic nor jS-hydroxybutyric acid, has not been determined. 
The oxidation of propionic and valeric acids results in disappearance of fixed acid, 

8. Sodium benzoate inhibits the acetoacetic acid and total ketone body pro- 
duction from butyric acid to a greater extent than from the higher fatty acids 
in the presence of rat liver. The inliibition decreases on ascending the series of 
even-numbered acids. 

9. The results are discussed in relation to the theory of successive )3-oxida- 
tion, which is shown to be inadequate to explain the facts. A hypothesis of 
‘"multiple alternate oxidation ” is put forward, according to which the fatty acids 
are supposed to be oxidised at alternate carbon atoms along the whole length of 
the chain before breakdown to acct/oacetic and other acids takes place. 
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CCLVII. STUDIES IN FAT METABOLISM. 

III. THE FORMATION AND BREAKDOWN OF 
ACETOACETIC ACID IN ANIMAL TISSUES. 


By MAURICE JOWETT* and JUDA HIRSCH QUASTEL. 

From the Biochemical Tjaboratory^ Cardiff City Mental Hospital, 

{Received July 11th, WS5.) 

This paper is concerned with measurements of the rates of acetoacetic acid 
formation from fatty acids in tissues other than liver. The oxidation of fatty 
acids in the liver has been dealt with in Parts 1 and IJ of this series [ Jowott and 
Quastel, 1935, 1, 2]. The paper also describes the effect of sodium malonate in 
increasing acet.oac(*tic^ acid formation in the liver — an elfecit wdiich is largely due 
to its inhibitory action on a(^etoacetic acid bn^akdown — and the effects of atoxyl 
and quinine in depressing the ‘‘spontaneous’' acetoacetic acid formation in this 
organ. Measfircments have been made of the rate of destruction of acetoacetic 
aiiid by tissues. 

Acetoacetic acid production in tissues other than liver. 

Then? is much evidence that the liver is the most important organ for fat 
metabolism in the body. It has beim suggested that other organs may also 
oxidise fat, but the eviden<*.e in favour of this view is apparently not very strong. 

Formation of k<‘tone bodies by other organs does not appear to have been 
shown by jx^rfusion methods. Emlxlen and Kalberlah [1900] found no formation 
of a<H'ton(‘ or acotoacc'tic acid by dog muscle, lung or kidney. Snapper el al, 
(I92()] found no ketone body formation on perfusing kidni^ys with butyric acid, 
and iKHthcr kidney nor lung oxidised jS-hydroxybutyric acid to acetoacetic acid. 

On the other hand Hinwich el al, [1931J found that in intact phlorhizinised 
and dcfiancreatised dogs the muscles and the organs drained by the portal vein 
sometimes liboratt'd acetone bodies into the blood and sometimes removed them 
from the blood. 

A number of ex}wriments’^ has been carried out on the respiration and 
acetoacetic ac?id production by tissues other than liver. The experiments have 
been sufficient to show some new facts. 

In the absence of addc‘d fatty acids, kidney and rat brain and spleen show no 
measurable production of acetoacetic acid (Table I), for values of Q less than 
0*2 are within the expeirimental error. On the other hand rat testis gives a 
low but measurable production of acetoacetic acid. 

In the presence of added fatty acids — butyric and hexanoic acids — all the 
tissues examined, except brain, produc(‘ small but definite quantities of aceto- 
aoetic acid, and the production of acetoacetic acid is usually aceompank>d by a 
definite increase in respiration. We have then^fore grounds for believing that 
kidney, spleen and testis have a definite fat metabolism. No evidence of 
acetoacetic acid production under anaerobic conditions has been found, 

^ Beit Memorial Research Fellow. 

* l>etaila of the ex|>(>nmeiital methods used in this paper ai’e given by Jowett and Quastel 
11935 , 1 , 2 ], 
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Table I. Bespiration and acHoacetic acid production by tissues in presence of 

fatty acids, 

Ojiygon. (jlycerophosphate buffer. 

Substrate* 

^-Hydroxy- 






flutvrate 

Crotonate 

butvrate 

Hexanoate 

fJxp. 

Tissue 


Nil 

0()1 M 

0*0137 

0-01 ^)02^f 

(1-007 M 

1 

Guinea-pig 


17-2 



— 

20*0 

— 


kidney 


CIO 

— 


2-49 

— 

2 

Guinea-pig 

Qo, 

18-8 

23-2 


— 

24*7 


kidney 

Qk: 

OlO 

0-,58 


— 

0*48 

3 

Rat kidnev 


]:w> 

18-2 


— 

18*0 



Qk: 

0 14 

0-23 

-- 


0*30 

4 

Rat kidney 

Go, 

26-4 

33-8 

— 

— 

33*8 



Q,: 

0-10 

0-34 

— 

— 

0*30 

.5 

Rat sj)leen 

Go., 

100 

13*9 

— 


13*3 



Ga; 

015 

0*35 

— 


0*42 

(i 

Rat spleen 

Gv. 



— 

1*4 

— 

7 

Rat testis 

Go, 

S-.3G 

S*4(i 

8*29 

9*07 

— 



Ga: 

0-42 

0*8.5 

0*74 

2*22 

-- 

8 

Rat brain 

Qoi 

— 

— 


Tot 



cortex 

G« 

— 

0*0* 

— 

2l0t 

*- 


* In presence and absence of glucose. 

+ Tn absi‘nce of glucose. In ]>rcsenc(‘ of trlucooc the values - 12*2, Q ^,^ -- 1-3H were found. 


All the tissues exarainecl produce acetoacetic acid from dUp-hydroxyhiityno 
acid. This is further evidence, in addition to tiiat given in Part I, that th(‘ 
mechanism of oxidation of ^-hydroxy butyric acid is (|uit(‘ different from that of 
saturated fatty acids, for brain will oxidise j8-hydroxy butyric acid but not 
butTOc acid. 


The effect of potassium and cxikmm ions on Q from pdiydroxy butyric acid. 

In an experiment (see Table II) on the effect of varying tlu* potassium and 
calcium ion concentrations on the rate of formation of acetoacetic acid from 
/J-Jiydroxy butyric acid by guinea-pig kidney, wc found a simiiar result to om* 


Table II, dUp’-IJydroxybuty7rite O-Ol M. 


i »uinca-pig kidne\^ 



0 

oo(K)r> 

0*002 


(» 

0*0(M)2r> 

0*<K)1 

Go.» 

10*0 

19* 1 

21*9 

Gac' 

4*07 

3*10 

3*18 


formerly found with guinea-pig liver (Part I), namely that the rate is highest in 
absence* of potassium and calcium. As will be shown later, potassium and calcium 
ions stimulate the removal of acetoacetic acid by guinea-pig kidney, and we 
consider tliereforci that the gross rate of production of acetoacetic acid in the 
present (experiment is probably unaffected by the ionic environment, although 
the nett (observed) rate is affected. 

It may be remarked here that kidney, testis and spleen all have the power of 
destroying a(‘etoa(;etic acid, and the observed rates of production of acetoacetic 
acid from fatly aends arc of course lowered for this reason below the rates that 
they would show if the destruction of acetoacetic acid were prevented. 
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Fat metabolism of tissues and respiratory quotients. 

It is interesting to correlate the probable possession of fat metabolism b 3 ^ 
kidney, spleen and testis with the fact that all these tissues have respiratory 
quotients below unity [Biokens and Simeu*, 1930; 1931). The possession of an 
R.Q. below 1, or oven below 0-8, cannot of itself inform us in the case of isolated 
tissues of the nature of th(' metabolism. The end-products of metabolism are 
largely known with the intact organism, and the k.q. of the organism can there- 
fore^ be interpreted to some extent. With individual organs, it is improbable that 
each organ is a st^lf-conlained unit which metabolises only carbohj^drate, protein 
and fat, and produces the same end-j)roducts as does tlie whole organism. It is 
more likc^l^^ that an extensive chemical sj^biosis is to be found among the 
various tissues of an organism, and that metabolic processes begun in one tissue 
ar(‘ frequently completed in anoth(»r. 

However, now that it has been .shown that kidney, spleen and testis can 
oxidise fatty acids, the fact that these tissu(*s have an k.q. below^ unity in presence 
of glucose is probably an indignation that thesc^ tissues do metabolise fatty sub- 
stances. We may not(‘ on the ottier hand that })rain, which, according to our 
tindings (Table 1) and those of Quastel and Wheatley [1933], probabl}^ does not 
oxidise fatty acids, has an r.q. of unity. 

l^he re spiratory quotient of fat oxidation in the liver. 

If tristearin is oxidised (iompletely to carbon dioxid(‘ and watc^r, tlie process 
lias a respiratory quotient of OwO. The higher fats gtuicrall}’ give not dissimilar 
rjuotient.s for cotnphde oxidation, and for this reason it is customary to assign to 
the oxidation of fat in the body an k.q. of 0-7. 

Fat is not completely oxidiserl in tlu; liv(‘r, th(^ process being (completed else- 
where in the body. For we have found with rat liver slices a rat(‘ of jiroductioii 
of acet-oacetic acid, in th(‘ abs(‘nc(* of added fatty acids, whicdi indicatc's that the 
oxidation of fat is far from complet(‘. Probabh' other products of incomplet<‘ 
oxidation are formed — acetone, jS-hydroxvhut^'ric acid and others -but we have 
no data concerning them. 

We have therefore insufficient information to enable us to calculate the R.g. 
of fat oxidation in th(‘ liver, but it appears that evTUi calculations based on the 
availabl(‘ information ar<' sufficient to show that the r.q. of the process is prob- 
abl}” much low^m’ than 0-7. 

Let us assume tliat tristi'arin is the fat l)iirn(‘d, and attempt to account for 
the values =10 and ^^,.= 11 which we have found for rat liver. 

(1 ) Let us^first assume that tlie respiration is ontirelj" due to oxidation of fat. 
Then W(‘ can account a[)proximatel 3 ^ for the acetoacetic acid production by the 
equation : 

For then if Qq =10, = and the r.q. of the process is 0-57. If other 

products of incomplete combustion are formed as w'ell, the r.q. will be lower than 
0-o7, 

(2) It is unlikely that fat is the onlj^ substrate burned in the liver of a norma lly 
fed animal. We will therefore make an alternative calculation on the basis that 
half the oxygen respired oxidises fat, and that the other half oxidises carbo- 
hydrate completely. This leads approximately to the equation : 


(0,8HsA)AHj-f4r>i0j 21CO,-f 28H20 4-9CH3.r().CH,.C00H. 
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Then for the fat oxidation ^,^,.=0-99 and the r.q. is 0'46. For the 

whole respiration of the liver we liave then the values (i>Q^== 10, and r.q, —O* 73. 

Many such calculations of varying degrees of probability could be made. The 
two calculations given show however that, if the aoetoacetic acid produced by 
rat liver arises from a fat of the ty|x> common in foodstuffs, thou the r.q. of the 
fat oxidation is almost certainly below 0*6, and may be much lower. How much 
lower it is depends on how far oxidation of other substances takers place, and on 
the quantity and nature of other products of incompletf^ combustion of fat. 

Another probable result of these calculations is that, on the same assumptions, 
a higher fatty acid gives rise to more than om* molecule of aoetoacetic acid. 

It may be noted, as an experimental point in connection with determination 
of the R.Q. and acid y)roduction with slices of rat liver, that the breakdown of 
acetoacetic acid in acid solutions has not been allowed for in former work, and 
that the existing values in the literatme are therefore somewhat in error. 
Gemmill and Holmes [ 1935] have nottxi this point, but have not (‘orrected for it. 


77fe dvstruction of aatoacetic acid by 

Some experiments have hf*on carried out in which the rate of destruction of 
acetoacetic acid by tissue slices has been measured. In these experiments, which 
are to b(^ regarded therefore as of a preliminary nature, the fate of the acetoacetic^ 
acid has not been determined. It has been found by perfusion methods [Snapper 
and Griinbaum, 1927, 1] that th(^ livi^r reduces acetoacc^tic acid to /3-hydi*oxy- 
butyric acid, while the kidney [SnapixT and Griinbaum, 1927, 2] effects the same 
reduction but mainly brings about a disappearance of ketone bodies. The nature 
of th(* action of other tissu(\s has not betm determined. 

The acetoacetic acid has beem determined in these exfx'riments as usual by 
the manometric method (see Part. 1) after removing the tissue-slices at the end 
of the period of two hours in the bath at 37 \ A *'contror’ vessel containing 
sodium acetoacetate without tissu(‘ has always been similarly kept in tlu^ bath 
to obtain an initial value for the acetoacetic acid content. A correction for tiic‘ 
amount of acetoacetic acid remov(xl with the tissue sli(;es has been applied on the 
basis that (‘qual distribution occurs betwcnui tissue and medium. Tiic correction 
may be faulty and may lead to an appreciable error when th(i rate of destruction 
is low. 

The experiments show that guinea-pig kidney destroys acetoacetic acid at a 
considerable rate under the usual aerobic conditions. 

A new finding is that the kidney retains some power to destroy acetoacetic 
acid when the conditions are anaerobic. The anaerobic rate of disappearance is 
some 30-40% of the aerobic raU^. Under anaerobic conditions the presence of 
acetoacetate eniiances the small acid production that is shown by guinea-pig 
kidiK'y in absc^nce of added glucose. Whether tlu* effect is due to a stimulation of 
glycolysis or whether the destruction of acetoacetic acid results in appearance of 
a ne^w acid group must be left for further investigation to decide. 

Lactate and glucose increase to some (extent the rat(‘ of disappearance of 
acxdoacetic^ acid, both aerobically and anaerobically, but- their effects are not 
very marked. 

When the potassium and calcium ions normally present in the media are 
absent, the rate of destruction of acetoacetic acid is lessened. It will be remem- 
bered that it has already been suggested that this effect accounts for an apparent 
stimulation of acx^toacotic acid production from jS-hydroxybutyric acid by absence 
of potassium and calcium ions. These results are all not^ in Table III. 
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Tabic III. Guinea-pig kidney. 


(A) Destruction of acetoacetic acid. 


In glyt'orophosphate buffer or Hinger’s Holuiion (5% CO,, 0’02r) M NaHCOg). 


Medium 

Crlycerophosphate buffer 
( glycerophosphate buffer 
Hiiiger’a solution 
Ringer's solution 


Initial rone. 
aeetoae(‘tate 
Cas M 

iK 0(M)3;M)004r» 
Ng (M)0;i3 
o“ 0*(K)2{M>0(m3 
Na 0i)032-00()33 


- 3-83, -319, - 3-40, 
-1-31. -1-30 
-3-39, -2 05. -2-33 
-0*73, -1-42, - 1-28, 


- 2-92, -3-53, ->4 05 
1*00 


Kxp. 

1 

2 


(B) Effect of conceMration of acetoacetate , 


t n ly eerophosphate. < »xygen . 


Initial cone. aef*toae<‘tate (J/) (MK)20 

Qx. -i'32 

Iriif lal eono. acetoacetate ( J/) <> 0019 

-2-80 


00035 

- 3-43 
0-0037 

- 3-38 


0-(K)r>0 

-3-92 

0-0050 

3-68 


(C) Effect of lactate and glucose. 

Kingcr's solution. 


in prest-ncc of 


xp. 

(Jan 

Initial com*, 
aoctoftc-otatt' {M) 

No addition 

d/-L{tf*tat«‘ 

(MU .y 

(Uuoose 

6-2 

3 


0*iH)32 

1-28 

- 1-48 

-1*52 

4 

«), 

(HK)3l 

- 2*6.5 

- 3-17 

- 3-20 

5 


(MKJ29 

2-33 

- 2-56 

-2-95 


(D) Effect of ncefoacetic acid on anaerobic acid production. 



Kinger' 

sj Holulion 


111 absonc-r* of 

In presence of 

;.\p. 

acetoacetate 

acetoacetate 

6 

0-65 

0-81 

7 

6*15 

6-87 

8* 

i*2l 

1-67 


* C’hroiuous <-hlorid(‘ firc-sent in side-tulie, to ensure complete anaerobiosis. 

(E) Effect of potassium and calcium ions on acetoacetic acid disappearance, 

Exp. 

9 0 0-0005 0-002 

(Oxygen. Olycerophosphate buffer.) 0 0-00025 0*001 

Initial cone, of aer^toaeetate 0*0046 M Qxe -2*26 >2-93 -3*41 

It has been found (see Table IV) that other tissues also bring about dis- 
appearance of acetoacetic acid. Of those examined rat kidney is the most active. 
Spleen is less so, and testis and liver are relatively inactive. 

The power of tissues to remove acetoacetic acid lessens the nett formation of 
acetoacetic acid which results from oxidation of added fatty acids. In the case 
of kidney the effect will be great, but in the case of liver it is less. According to 
the work of Snapper and Griinbaum [1927, 1] liver does not destroy ketone 
bodies to any definite extent, and it-s main action on acetoacetic acid will be to 
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Tabic IV. 


(A) Destmction of acetoacetic acid. 

(TlyceropliosjiIiHtt.* liuffcT. Oxygen. 


Exp. Tissue 

1 Guinea-pig liver 

2 Guinea-pig liver 

3 Rat testis 
Jlat testis 

4 Rat spleen 

5 Rat kidney 
Rat kidnt‘y 


Initial eonc. {M) 
aeetoaeetate 

Qm 

0'0()38 

-0*57 

00037 

-0-2() 

0 


0-0048 

-0*28 

0-(M>46 

- 2-25 

0 

00 

0 0040 

- 0*(M) 


(B) Effect of ^-hifdroxybufyrate, 

Guinea-})ig liver. 


Initial eone. aeetoaeetate {M) (e(>037 (MM 137 

Initial eonc. ^-hvdroxvbutyrati' (d/) (i ()•()! 

‘ ‘ ‘ -0-2(> -t0-5() 


0 

(H)l 
- 1 - i-:m 


convert it into j8-hydroxybutyric acid ; the rate of this process is quite a})preei- 
able, particularly when fatty ac^ids arc iin^sont as sources of acetoacetic acid {st‘^e 
Part II). 

When both acetoacetic a(ad and /3-hydroxy butyric acid are present in the 
medium, they will bo interconvert (*d. The exjieriment g;i ven in Table I\^ together 
with others already quoted in Part II, suggests that the rates of interconversion 
are of the same order of magnitude. 


effects of malonatc on respiration and acetoacetic acid production. 

None of the substances liitherto (examined has siiown any very definite 
accelerating effect on the production of acjctoacetic acid by the liver. 

Malonate, however (which has Ix^en used in all th(\se experiments at a con- 
centration of 0-04-0-05 ilf ) increases tlie rate of acetoacetic acid production by 


Table V. Effects of maloraitc on respiration. 

Xo addrd fatty acid Added fatty acid 





('d 

('>) 

(ri 

id) 





Makinato 


Malonate 

Exp. 

Liver 

Fatty acid 


I>rc‘8cnt 


present 



ValueH 





1 

Rat 

Acetate 0-01 M 

11*48 

9*23 

14*05 

9*29 

2 

Rat 

Acetate 0*02 M 

10*(i4 

I'll 

13*31 

7*94 

3 

Guinea-pig 

Propionate 0*01 M 

rr{)l 

(>•58 

9*77 

8*58 

4 

Rat 

Butyrate 0*015 M 

11*73 

9*19 

15*25 

11*53 

.7 

Rat 

Butyrate 0*015 M 

10*95 

7*80 

14*28 

10*91 

0 

Guinea-pig 

Butyrate 0*015 M 

4*12 

5*94 

0*91 

7*07 

7 

Gumea-pig 

Butyrate 0*015 M 

4*50 

4*05 

9*90 

8*25 



ValuCwS of Qx ^ . 




1 

Rat 

Aoc'tate 0*01 M 

1*10 

2*05 

2*25 

3*37 

o 

Rat 

Acetate 0*02 M 

1*40 

2*41 

2*99 

2*76 

3 

Guinea-pig 

Propionate 0*01 M 

0*07 

0*38 

0*09 

0*19 

4 

Rat 

Butyrate 0*016 M 

M8 

2*48 

4*52 

5*07 

5 

Rat 

Butyrate 0*015 M 

M3 

2*01 

4*00 

4*84 

(> 

GuiTif3a*pig 

Butyrate 0*015 M 

0*12 

0*47 

1*69 

2*46 

7 

Guinea-pig 

Butyrate 0*015 Af 

0*14 

0*74 

3*93 

3*78 
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rat and guinea-pig liver in the absence of added substrates. With guinea-pig 
liver rises from about 0-2 to ()*68 (mean of 8 experiments, average deviation 
±0-12, range ()*38-"0-82), and with rat liver rises from 1*1 to 2-38 (3 exi)eri- 
ments, range 2*01-'2-65), These ex|x*riments were made, as usual, under aerobic 
conditions and in presence of glycerophosphate. 

The respiration of rat liver in presence of nialonate undergoes a progressive 
lowering. Guinea-pig livcT is oppositely affected, the respiration being main- 
tained at its original level by nialonate (Fig, 1). The reasons for these effects are 
still 8pCH?ulative. 

It seemcni possible that nialonate might Ixi increasing Q^, by undergoing 
decarboxylation to acetate, followed by formation of acetoacetate from acetate. 
No evidence that tlccarboxylarion of nialon- 
ate takes place w'as found on mea.suring th(‘ 
acid-base change undergon(‘ by rat liver in 
presence of malonatce in King(T's solution. 

In absence of nialonate the value -f T8 
was found for and in its presence the 
value +2*1. We therefore reject tlu* idt^a 
that the extra acetoacctic a(nd produced 
in presen <;e of nialonate arises by chemical 
transformation of th(^ nialonate ion. 

We preffT instead to suggest that malon- £« 
ate ha.s an inhibitory action on the decom- 
jx).sition of acet-oacetic acid by liver and in 
this way enhan(‘es the observed values. 

Experiments which show that this sugges- 
tion is eo rivet have* het*n made and will be 
reported upon in a later communication. A 
cx)nsid<.»rablo inhibition of acetoacvtic acid 
breakdoM'ii by nialonate in prescnci^ of rat 
liver has been found. 

Evidence has Ix^en obtained that malon- 
ate has some inhibitorj'' action on the oxida- Time (min.) 

tiou of fatty acids. The evidence rests mainly j malooate 

on the effect of malonate on the inc^oas(^ in on respiration, 

respiration which fatty acids bring about. 

R<3ferenc(^ to Table V .shows that in the case of acetate this increase is practically 
abolished bj' malonate, and with propionate and butyrate the increase is dimin- 
ished. In the case of pnipionate the evidence from the resx^iration receives 
confirmation from an exfieriment on the acid production by propionate in 
presence of guinea-x>ig liver; malonate lowers from — 2-35 to —1*15. 

The data obtained concurrently on the acetoacetic acid production in presence 
of malonate are less easy to interpret quantitatively, the evidence of a decrease 
in being less definite, since it is uncertain whether additivity or competition 
is to l>e assumcxl between the in absence of fatty acid and the acetoacetic 
acid due to its presence. 

Since malonate inhibits acetoacetic acid breakdown by liver there is no 
difficulty in understanding that a partial inliibition of fatty acid oxidation need 
not lead to a diminution of nett acetoacetic acid production. 

These results provide evidence that malonate, which was known previously 
only to inhibit the oxidation of succinic acid [Quastel and Whatham, 1925; 
Quastel and Wheatley, 1931] has also an inhibitory action on the oxidation of 
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cerfain fatty acids and on the breakdown of acetoacetic acid. It is noteworthy 
that these substances all possess a terminal — CH^j.COOH group. 

From the low yield of ketone bodies obtained with guinea-pig liver from 
butyric acid, it is probable that part of the butyric acid undergoes oxidation to 
products other than acc^toacetic acid, and the possibility presented itself that 
j>art of the butyric acid is oxidised through succinic acid as an intermediary. 
Malonate might then servt‘ to prt^vent further oxidation of the succinic acid. No 
evidence in favour of this view was found on measuring the acid-base change 
with butyrate and guinea-])ig liver, for we found in abscuu^e of malonate that 
had the vaJue —04, and in presence of malonate —0*2. If in the Jatter case a 
dibasic acid were formed, and in the former it were oxidised to carbon dioxide 
and water, the first valu(‘ of would be definitely more negatives than the second. 

The effect of poiaons on the acetoacetic acid production by rat liver. 

It has already been mentioned (Part 11) that in the abs(*nee of addt'd sub- 
strates rat liver shows an appreciabh^ production of acetoactdic acid, having 
a mean value of 1*1, and it is jiossibk' therefore to study the (*ffeet of conditions 
on this ‘‘spontaneous’’ a(*etoaeetie acid production. 

The acetoacetic; acid production, as already mentioned, is inhibited by 
benzoate, and it is also inhibited by arsenite. Both substances also inhibit the 
acietoacetic acid production from addend fatty acids. 

It occurred to us that, if the “spontaneous” acetoacetic acid production wer(‘ 
due to oxidation of fatty acids libe^rated by hydrolysis of fats or phosphatides, it 
might be inhibited in a sp(‘cific manner by substaru'cs which inhibit li])ase action. 
We have therefore examined t he effects of quinine and atoxyl. 

In order to produce inhibitory effects on the acetoacetic acid production from 
liver slices it was necessary to use very much higher concentrations of these 
substances tlian are inhibitory to purified esterase preparations. 

It was found (Table \TI) that at a concentration of quinine which inhibited 
the spontaneous acetoacetic acid production, the acetoacetic; acid ])roduction 
from added fatty acid was inhibited to about the same extent. On the other hand, 
wdth atoxyl (Table VI) the inhibition of acetoaci'tic acid production from added 
fatty acid was much less than that in the absencrc* of added fatty acid. The; 
action of atoxyl is therefore much more specific than that of (piin ine on “spon- 
taneous” acetoacetic acid production. 

The effects of quinine and atoxyl on the esterase activity of rat liver were 
then compared. According to Rona and Lasnitzki 1 1920], the esterase of tissue 
slices diffuses into the medium to some extent, and the esteras(' activity is also 
dependent on the thickncvss of the slices. We therefore tried to choosc! slices of 
uniform thickness, but the accuracy of these experiments is not great. 

In each experiment the poison was present in the manometer vessel from the 
begiiming, and after some time at 37^ 0*15 ml. of tributyrin was added to the 
3*2 ml. of Ringer’s solution in which the tissue slices were being shaken. The 
tributyrin only dissolved in part, and approximately saturated the Ringer’s 
solution. The rate of gas output was approximately constant for some time, 
and the rate during this period was used as a measure of the esterase activity. 

In one exp(^riment the tissue-slices were removed before adding tributyrin, 
and thf; esterase activity of the residual Ringer’s solution was measured.* (In 
Tables VI 11 and IX the esterase activity is stated in terms of the weight of 
tissue removed.) It was found that the activity in the Ringer’s solution was 
diminished by atoxyl to the same extent as the activity in the presence of tissue 
slices. This si modifies the interpretation of the other experiments. 
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Table VI. Inhibitory effects of atoxyL 
Rat liver. 


A. On ar‘etoacetic ac‘irl formation. 


Exp. Oxy^^en. Glycerophosphate buffer. 


1 

Cone, atoxyl (¥) 

0 

0-tH)2 

0 

0-002 


(Vme. but 3 uate (JI) 

0 

0 

0-01 

0*01 



11-30 

11-00 

14-98 

14-71 



1-40 

103 

5-68 

5-40 


(lecrea«e in 

— 

27 

— 

5 

2 

(*one. atov^"! (¥) 

0 

0-003 

0 

0-003 


('one. butyrate {¥) 

0 

0 

0-01 

0-01 


Qo, 

Qm 

10-88 

10-20 

13-7] 

13-03 


1-59 

1-07 

5-30 

4-63 


% (leeivase in Qs.f 

— 

33 

— 

14 

3 

('one. atoxyl (¥) 

0 

0-012 

0 

0-012 


Conv, butvraU* (M) 

0 

0 

0-02 

0*02 


Qo. 

9-93 

0-20 

14-02 

9-15 



0-95 

0-19 

4-72 

2*91 


deen*aae in 

— 

80 

— 

38 

4 

Cone, atox'vl (¥) 

0 

0-012 

0 

0-012 


Cone, deeoate ( JJ ) 

0 

0 

O-0025 

0-0025 


% deerease in Qkc 

9-40 

5-50 

11 81 

7-47 


1-03 

0-24 

70 

3-02 

1-77 

41 


B. ( )n esterase action. 


Exp. 

1 


2 


Ruig€‘r’s solution Xg +5”^ (Hlg. 0*02o NaHCOg 
Cone, atoxyl (M) 


Time when tiKsue nmioved (min.) 
Time when tributvrin added (min.) 

% inhibition 


Cone, ato.wl {.¥) 


rojj 


inhibition 


0 0-002 

0 


Tissue removed 

V 

Tissue pj-esent 

30 



50 

45 


42 21 

104 

84 

50 


52 

added after 20 min. 



0 0-003 

0-000 

0-012 

127 47 

52 

33 

03 

59 

74 


A comparison of the data in the tables shows that at concentrations of atoxyl 
and quinine which inhibit acetoacetic acid formation considerably, the esterase 
activity (measured under our rather arbitrary conditions) is also inhibited. The 
inhibition by quinine of esterast? is not quite so great as that of the acetoacetic 
acid production, whilst in the case of atoxyl the inhibition of esterase activity is 
of the same order as that of the siX)ntaneous acetoacetic acid production. 

Taking the results altogether, we may conclude that the action of quinine is 
not connected with an effect on lipaise activity. 

Atoxyl, on the other hand, probably exerts its effect on the spontaneous 
acetoacetic acid production principally by depressing lipase activity. For here 
we have the facts (1 ) that the effect of atoxyl on “spontaneous ’’ acetoacetic acid 
production is greater than on Qj^c with added fatty acids, and the 
probably therefore of another kind than with quinine, and (2) the effect on 
esterase action is of the same order as on spontaneous acetoacetic acid production. 

Bioohem. 19X5 xxix 
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Table VII. Inhibitory effects of quinine. 
Kat livor. 

A. On acotoaoetic acid formation. 


Rxp. 

Oxygon. 

Glycerophosphate buffer. 



1 

Cone, of quinine {M) 

0 

0-0004 

0-0008 

0-0016 

(No added) 

Qiu 

9-71 

9-42 

8-54 

6-21 

substrates) 

Qm 

1-26 

0-79 

0-()l 

0-40 

2 

Cone, of quinnio {M) 

0 

0-002 

0 

0-002 


Gone, of butyrate (A/) 

0 

0 

0-01 

0-01 


Qoo 

10-C7 

8-43 

13-42 

8-98 


Qac 

0-91 

0-25 

3-42 

0-65 


% decrease in Q 

— 

73 

— 

81 


B. 

On esterase action. 





Kiriger'fci ftolulioii, Ko I OO.,. 0-025 M NallCOg. 

Tiwsue-slioes present. Tributyrin added after 25 min. in bath. 

Cone, quinine (iM) 0 0-002 

% inhibition 30 

We are therefore 1 (h 1 to the tentative conclusion that the “spontaneous*^ 
acetoacetic acid production is bound up with lipase activity. This in turn makes it 
probable that the origin of the acetoacetic acid is from fats or phosphatides, 
which must be hydrolysed before? they are accessible to oxidation with production 
of acetoacetic acid. 

As a corollary we should (conclude that in the liver the concentration of free 
fatty acids must be low, since otherwise the liver slices could produce acetoacetic 
acid for some time even if the lipase were inactive. This conclusion receives some 
support from the finding of Weber and King [193«5] that the salts of fatty acids 
at low concentrations inhibit liver esterase. Such an inhibitory action means 
that probably fatt}^ acids cannot accumulate to any great extent. 

We have made the assumption in the above arguments that liver esterase 
behaves in the same manner to inliibitors as does the lipase or phosphatidase 
responsible for the production of fatty acids in the liver. The arguments can 
therefore obviously only be suggestive, not conclusive. 

Summary. 

1. Kidney, spleen and testis produce acetoacetic acid in small quantities 
fi*om fatty acids, but brain gives no measurable prodiU‘tion. All these tissues 
produce acetoacetic acid from d/-j8-hydroxy butyric acid. 

2. In the absence of potassium and calcium ions the rate of production of 
acetoacetic acid from jS-hydroxybut^uic acid by kidney is highest ; this is due to 
the stimulating action of these ions on the breakdown of acetoacetic acid by 
kidney. 

3. Kidney, spleen, testis and liver destroy acetoacetic acid in presence of 
oxygen, the last two organs being the least active. 

4. Acetoacetic acid is also removed anaerobically by kidney. 

5. Sodium malonate increases the rate of spontaneous acetoacetic acid 
formation by liver (i,e, the formation in absence of added fatty acids). Its effects 
on the respirations of rat and guinea-pig liver are noted. Malonate inhibits the 
oxidation by the liver of acetic, propionic and butyric acids and also the break- 
down of acotoa(!ctic acid. 
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6» Atoxyl inhibits in a specific manner the spontaneous acetoaoetic acid 
formation by liver ; quinine also does so but in a less specific way. The inhibition 
by atoxyl takes place at those concentrations wliich inhibit esterase activity of 
liver, and it is concluded tentatively that the spontaneous formation of aceto- 
acetic acid is due to the oxidation of fatty acids liberated by hydrolysis from fats 
present in the tissue. 

7. The interpretation of the r.q. of isolated tissues is discussed. If the 
spontaneous acetoacetic acid formation of rat liv(‘r is duo to oxidation of fat, it 
follows that the R.Q. of oxidation of fat by liver is less than 0*7. 
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CCLVIII. URIC ACID SYNTHESIS IN PIGEONS. I. 

By REGINALD BRETrAUER FISHER. 

From the Department of Biochemistry, University Museum-, Oxford, 

{Rexeived July 25th, 1935.) 

In this paper and a subsequent one I propose to describe a method for the 
investigation of the source of carbon for uric acid synthesis in pigeons. As the 
method comprises (1) the establishment of the normal characteristics of the 
relation between uric acdd excretion and nitrogen intake* (or food intake on a 
uniform diet) of birds allowed to feed freely and (2) the study of the effects of the 
administration of various compounds containing carbon on the characteristics of 
this relation, the investigation is best described under these two headings. This 
paper is therefore c;oncerned with the establishment of the normal relation. 

There appear to be no figures in the lit€*rature which yield any information 
concerning this relation in the pigeon, and the published figures for the hen are 
at variance with one another. Von Knierem [1877J claimed that ovejr 9<)% of 
ingested nitrogen was excreted by hvm as uric acid. In these exi^eriments adult 
birds of l-0-r4kg. were given 20 g. of pearl barley per diem, and lost weight 
steadily throughout the experiment. Pupilli’s [1932] data indicate that his hens, 
receiving 75 g. of maize per diem, excreted 28-38% of ingested nitrogen as uric 
acid. St John et al. [1932] present data which show that normally 50% of the 
nitrogen excreted by 11-12 weeks’ old chicks is in the form of uric acid. These 
data suggest that the relation betw^een food intake and uric acid excretion in the 
hen is either extremely unstable or that it is non-linear. 

Methods. 

Blue-bar homer pigeons were used, and all but two of the animals were cocks. 
The bii’ds were kept singly in metabolism cages measuring 18 x 15 x 12 in. The 
excreta were collected on red rubber sheets laid on the metabolism cage trays, 
and the birds were separated from the rubber by a grid made of a rei^tangular 
frame of strip brass, with copper wires stretched across parallel to the shorter 
side of the frame at intervals of | in. 

In thci earlier experiments the animals were kept in the laboratory animal 
house, but it was found to be more convenient to keep them apart in a dark 
room illuminated by a single 100-watt lamp, controlled by a time-switch. In 
these circumstances scjattering of food and the deposition of excreta in awkward 
places w’^as eliminated, and it was possible to train the birds rapidly to feed at 
any convenient hour and to take enough in one feed per diem to enable them to 
maintain constant weight. In the earlier experiments the food-boxes were left 
in situ except on thc‘ occawsions, at intervals of 24 hours, when they were weighed 
and refilled if necessary. In the experiments with controlled illumination the 
boxes were pr(»sent(^d to the birds for one hour only at 24-hour intervals. As the 
birds took at least as much food on the average in these circumstances as when 
access was complct(‘ly imrestricted, it is justifiable to say that in all circum- 
stances the birds were allowed to feed freely. 

In all the experiments it has been most convenient to carry out analyses on 
48-hour samples, but the collection of excreta has been made daily. The 
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excreta could readily he removed from the rubber sheet if the sheet were laid in 
a wide V-shaped trough sloping down towards a 500 ml. crystallising dish in 
which the excreta were collected. The excreta were moistened with 97% 
alcohol and scraped off with a blunt knife. 

The determinations of uric acid content were made by St John and Johnson’s [1931 ] method, 
which was originally developed for use with hen excreta. The method does not give uniformly good 
products when applied to fresh pigeon excreta, but I have found that the extraction of the 
excreta with hot 97 alcohol removes the interfering substances without removing any uric acid. 
The procedure which I have adopted is to extract the 48-hour sample with 100 ml. of 97% 
alcohol on a water-bath for 10 min., and to pour off the alcohol through a large folded filter. The 
moist residue is transferred to a porcelain mortar and ground to uniform fineness. The mass is 
washed back into the crystallising dish with 97 % alcohol, and the volume of alcohol Ls made up to 
approximately 100 ml. Extraction is ooniinuerl for 10 min. on the water-bath and the alcohol 
poured off through the filter. Two further similar extractions are made. The residue on the filter 
is added to that in the dish and the alcohol is removed on the water-bath. The light brown solid can 
then be submitted to St John and Johnson's procedure. 

The following experiments show that this extraction does not affect the mic 
acid content of the excreta. A mass of fresh excreta is reduced to as imiform a 
state as possible, and aliquots are subjected to diflferent numbers of alcohol 
extractions carried out as described above. The solid residues are analysed by 
the St John and Johnson procedure. The results are given in Table I. 

Table I. 


Uric acid found 


Exp. 

Extract ioiia 

Wt. of excreta 

8' 

r" 

Total mg. 

% 

nig- per 8- excreta 

1 

3 

12-3098 

179-5 

14-582 


6 

11-6381 

167-5 

14-392 


9 

12-5728 

182-5 

14-515 

2 

4 

2M012 

270-5 

12-819 


(\ 

18-9754 

241-5 

12-727 


8 

22-1367 

279-5 

12-626 


10 

20-.5876 

261-5 

12-702 


In neither instance is there any sign of decrease in the uric acid content with 
increase in the number of extractions, and although the variation is rather large 
(lip to 0’9% from the mean), it is probably accounted for by the difficulties of 
sampling. 

In the early experiments a mixed com diet, consisting mainly of wheat, maize 
and dari, was used, but in most of the experiments whole wheat has been used. 
In each experiment enough of the food for the whole experiment has been stored 
in a stoppered jar and samples have been taken from time to time for nitrogen 
estimation by micro-Kjeldahl. 

Rksuuts. 

In view of the multiplicity of factors which may influence it, it is impossible to 
estimate with accuracy the interval which is likely to elapse between the inges- 
tion of food and the excretion of the conesponding nitrogen as uric acid. But 
there are indirect methods which should yield approximately correct figures. 
For instance, if birds are allowed continuous access to food, and in these circum- 
stances the uric acid excretion per 48-hour period is comelated with the food 
intake per 48-hour period, in such a way that each food intake period terminates 
“i"’ hours before the corresponding uric acid excretion x>eriod, the correlation 
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coefficient obtained will be a good index of the truth of the assumption tliat t 
hours approximate to the required interval. 

In six out of ten experiments in which this point was tested, with < — 24 hours, 
correlations were observed which were significantly different from zero. This 
answer was too equivocal to be satisfactory, and a further series of fifUn^n experi- 
ments was performed, in which food was presented for one hour only each day, 
and the 24-hour interval between the end of the food intake period and the end 
of the excretion period was retained. In this series only two of the fifteen experi- 
ments exhibited correlations which were not significantly diffei’ent from zero, 
and it is therefore justifiable to assume that in these circumstances approximately 
24 hours elapse between the ingestion of food and the excretion of the corre- 
sponding nitrogen as uric acid. The figures on which this conclusion is based are 
collected in Table II. It will be realised that they also demonstrate what is 
implicit in this investigation, that the uric acid excretion does in fa<?t depend 


directly 

on the food intake. 

Table 11. 

Niimher of 

Correlation 

Exp. 

Bird 

Diei. 

obscTvations 

coefiicient 

2 

770 

Mixed corn 

20 

0*89805 

a 

68 


16 

0*85380 

4 

770 


16 

0 73139 

5 

922 


ir> 

0*856(K) 

6 

2 aa 


15 

0 39506 

7 

271 


16 

0*75340 

S 

770 


15 

013627 

9 

KKK) 


J9 

0*53140 

10 

233 


19 

0113930 

11 

271 


20 

0*40110 

12 

617 

Whole wheat 

23 

0*53412 

la 

49 


24 

0*53714 

14 

233 

99 

23 

0*8.3051 

1.5 

271 


23 

0*8.3466 

10 

617 


19 

0*94328 

17 

49 


16 

0*87550 

18 

233 

9% 

29 

0*41148 

19 

271 

99 

21 

0*97847 

20 

294 

99 

11 

0*88262 

21 

617 


8 

0*96641 

22 

294 

99 

8 

0*86144 

23 

49 

9^ 

17 

0*70693 

24 

89 

99 

15 

0*46580 

25 

617 

99 

13 

0*63425 

26 

2m) „ 13 

The correlations in heavy type are not significantly ditlerent from 

0*87154 

zero. 


The next matter of importance is the linearity of the relation between food 
intake and uric acid excretion. Unfortunately methods of fitting curved regres- 
sion lines to data of the sort available here have nut been worked out, so that tlie 
desirable demonstration, i,e. that it is not possible to fit a curved line to the data 
more closely than a straight line, must be forgone. It is necessary to be content 
with the demonstration that in those instances in which the correlation is highest, 
and the relation is therefore least ambiguous, the curve differs negligibly from a 
straight line. Figs. 1-3 show that this is in fact so. 

Finally, it is of interest to see if there is a fundamental similarity in the 
behaviour of the different birds. Since each regression line passes through the 
point (x, y)y where ~x is the mean food intake observed in the particular experi- 
ment, and y is the mean uric acid excretion, it follows that, if the individual 
experiments yield r egression lines which differ only adventitiously, all the points 
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of tlio type (^, y) should lie on or near to a straight line. In order to test this 
point all the values of x have been reduced to the commoi^ measure of mean 
intake of nitrogen. For case of interpretation y is expressed as uric acid-nitrogen 



10 JO io 4(j A» 
F*'ood intake (g. 48 hours) 


Fig. 1. Kxp. l(k 



Food intake (g./48 hours) Food intake (g./48 hours) 

Fig. 2. Exp. lo. Fig. 3. Exp. 18. 

excreted. The data for ten experiments in which mixed corn was fed and for 
fifteen in which whole wheat was fed are given in Table III and Fig. 4. The 
correlation of y on x calculated from these data is 0-7826. As in a similar set of 
data a ooiTelation coefficient of 0-49 would be considered to be significantly 
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Table III. 

Mean uric Mean uric 

Mean nitrogen acid-nitrog(‘n Mean nitrogen acid-nitrogen 



intake per 

excretion pt'r 


intake per 

excretion per 


48 hours 

48 hours 


48 hours 

48 hours 

Exp. 

mg. 

mg. 

Exp. 

mg. 

mg. 

2 

590 

331 

15 

775 

374 

3 

678 

393 

16 

487 

204 

4 

636 

297 

17 

577 

289 

6 

801 

398 

18 

468 

199 

6 

479 

284 

19 

511 

245 

7 

606 

373 

20 

471 

229 

8 

689 

285 

21 

505 

236 

9 

608 

242 

22 

6(»9 

271 

10 

476 

261 

23 

619 

272 

11 

563 

346 

24 

584 

266 

12 

617 

307 

25 

581 

255 

13 

689 

323 

26 

379 

199 

14 

559 

264 






400 ' 500 600 70 «) 


Mean nitrogen intake (mg. per 48 hours) 

Fig. 4. o, mixed corn; •, whole wheat. 

different from zero it is clear that there is an important fundamental similarity 
between the different birds in respect of this relation. It is justihable therefore 
to go to the labour of pooling all the individual observjitions made in the twenty- 
five experiments in order to obtain a more precise estimate of this fundamental 
observation. 

As inspection of Fig. 4 reveals that the scatter of the mixed corn points is far 
greater than that of the whole wheat ones, a circumstance which is probably 
a direct consequence of the greater heterogeneity of the mixed com, I have 
calculated regressions for the two series of experiments separately. The correla- 
tion coefficients and the parameters of the regression lines obtain^ are recorded 
below: 

Experiments 2-11 (mixed corn). 171 observations. 

0*76981 ± 0*0240 
6 =- 0*4957 ± 0*0316 
A --=16*98 ±19*58. 
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Experiments 12-26 (whole wheat). 263 observations. 

0-85875 ±0-0162 
6 = 0-4195 ±0-0316 
A =25-80 ±9-55. 

r^y is the correlation coefficient. A and b are the parameters of the regression 
line: r = 6a?— A, where F = mg. uric acid -nitrogen excreted per 48 hours, and 
x = mg. nitrogen ingested per 48 hours. 

Th^e considerable similarity between the two series, which is shown also by 
Fig. 4, is further evidence of the fundamental similarity in behaviour of all tin- 
birds. 

As a corollary to this demonstration of the general character of the relation it 
is probably safe to state that adult blue-bar homer pigeons excrete 42-50 % of 
ingested nitrogen as uric acid, and that the most probable lev(d of endogenous 
uric acid excretion is 17-26 mg. of uric acid-nitrogen per 48 hours, or approxi- 
mately 25-40 mg. of uri(j acid per diem. This is of the order of 5-10% of the 
daily excretion of uric acid. 

Summary. 

1. Approximately 24 hours elapse between the ingestion of food nitrogen 
by blue-bar homer pigeons and the excretion of the coiTesponding uric acid. 

2. The relation between the amount of nitrogen ingested and the amount of 
uric acid excreted is linear. 

3. The relation betw€*en thes(3 two variables is fundamentally the same in all 
the instances examined, 

4. (Calculations based on 171 observations on birds fed wdth mixed com and 
263 observations on birds fed with whole wheat lead to the conclusion that 42- 
50 % of ingested nitrogen is excreted as uric acid, and that in addition a constant 
amount of 25-40 mg. of uric acid is excreted per diem, 

I am very grateful to Prof. Peters for his interest in and encouragement of 
this work, to I^of. R. A. Fisher for invaluable advice on statistical matters, and 
to my colleagues for aid of various kinds. 
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CCLIX. URIC ACID SYNTHESIS 
IN PIGEONS. II. 

By REGINALD BRETTAUER FISHER. 

From the Department of Biochemistry^ University Museum^ Oxford, 

(Received July 25th, 1935,) 

The demonstration by von Knierem Schroeder [1878] that the 

nitrogen of amino-a(‘ids and of ammonium salts can be converted into uric acid 
in the organism of the bird, and Minkowski's 1188(i] demonstration that after 
hepateetomy in the goose the uric acid content of the urint' fell to a very low 
value and large amoimts of dextrorotatory lac'tate were excreted, together 
with the tacit assumption of an und(Tlying similarity in the processes of ammonia 
detoxication in the bird and inammab ultimately led to the* attractive hypothesis 
of the formation of uric acid by the c'ondensation of one molecule of lacrtic acid, 
or of a relatc'd compound, with two urea molecules. 

Most investigations of this synthesis havt^ bi'cn based on tins hypothesis. For 
instance Wiener [1902] believed that he could show that a very large, number of 
compoimds related to lactic acid would jiroduce an iiKTcast' in the uric acid excre- 
tion of hens given large daily doses of urea, up to 100 % of th(» compound admini- 
stered being r('oov(‘re(l as uric acid. However, a statistical examination of some 
of Wiener’s results renders his conclusions very doubtful (see the Apyxmdix to 
this paper). Again Ascoli and his colleagues [Ascoli, 1898; Ascoli and Izar, 1909: 
Bezzola et ah, 1909; Izar, 1910, 1,2; 191 1 : Preti, 1909], in an elaborate series of 
investigations, claim to have demonstrated uric acid synthesis from non-purine 
precursors in mammalian and avian livfTs and have also claimed lhat by their 
technique the synthesis of uric acid from dialuric acid and urea can be demon- 
strated in liver ‘‘brei’b But attempts to repeat their fundamental observations 
made by Spiers [1915] and by Calvery [1927] have failed. 

Pupilli [1928 ; 1930] has claimed recently that in the hen urea is conjugated 
with most of the compounds used by Wiener to yield uric acid, and that the sanu^ 
jirocess can be observed in liver powder. However, he reli(‘s on an iodimetric 
method of estimating uric acid due to Ganassini [1914], which does not seem to be 
very specific, and his results are at variance with those of CJementi [1930], who 
claims that injected urea can be recovered quantitatively from the excreta of 
birds, whether or no salts of such acids as pyruvic and malonic acid arc simul- 
taneously administered. Torrisi and Torrisi [1931] and Russo and C5uscun4 [1931] 
have published work in support of dementi's conclusions. Torrisi and Torrisi 
appear to show, in addition, that the administration of pyruvic and malonic 
acids has no effect on uric acid excretion by the hen. 

Three investigations which do not rest on the original hypothesis show 
considerable accord with one another. Kowaleski and Salaskin [1901] claimed 
that they had shown that when a goose livtT was perfused with blood uric acid 
was added to the blood, and that the extent of this addition was greatly increased 
if ammonium lactate were added, a finding which appears to indicate, in view of 
the continued failure to obtain urea synthesis in isolated perfused liver prepara- 
tions, that urea is not a precursor of uric acid. Schuler and Reindel [1933, 
1, 2] and Kr(‘b8 and Benzinger [1933] have shown, independently, that the 
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kidney, as well as the liver, may play an important part in the synthesis of uric 
acid in some birds, and the latter workers, by utilising this discovery, have been 
able to show convincingly that ammonia can act as a source of nitrogen for uric 
acid synthi^sis and that urea (cannot. 

Krebs and Benzinger, working with tissue slices, took the opportunity of 
testing a number of compounds as sources of carbon for the synthesis. Of those 
tested, only d/-lactatc, pyruvate and glucose increased the rate of uric acid 
synthesis of their preparation, and tlu^se incieases in mie were observed only 
when tissiu‘s from a starving animal were used. In view of th(‘ observation of 
Kred)s and Hensekut [1933J that the same substanct^s increased the rate of urea 
synthesis in mammalian liver slices, i.e. aceeleratc*d a synthesis in which they did 
not participate, it seenned very likely that, in both instances, the acceleration 
occtiTTcd by way of an improvement in the nutritional state of the tissue. 

Whereas, then, it is reasonably certain that the sourcje of the nitrogen for th(* 
synthesis is ammonia, and that urea is not an intermediary, tlure is very little 
positive information coneerning the source of (carbon, as the following table 
shows : 

fif'puted sourcfis of carbon for uric acid synthesis. 


Source 

afi<J 

l-{ + )La<‘th* acid 
Pynivic a(‘i(l 
Tartromo a<‘id 
<ny« <'ru* ai'Kl 
liydi acrylic acid 
McHoxalic acid 
Konn\ lglyu.xylic acid 
(dyccMol 
(diicesi* 

Prupioiiic acid 
Maloriic acid 

W Wiener 

'r«>rrisi and rorrisi 
V ^-]*upilli 

KB Krebs and Henzinjjrer 


Invest ifjfators 


W TT 1’ KB 




-4 -increased unc acid synthesis 
( ^ ) -doubtful increase 

? -increase, but evidence a^^ainst participation 
— no increaHe 


Wiener s results are statistically unsound, as i shall show^ later. Neglecting 
them, it will h(' seen that, in ever>’ instance but one in which more than one 
investigation has been made, there is disagreemtuit as to the ability of the 
substanct' in question to increase uric acid production. The one instance is that 
of ra(*emic lactate, and it seems tlierefore that the most important question 
romaintug to be answered in connection with this synthesis is : does lactic acid 
stimulate the* synthetic mechanism or does it participate directly in the synthesis? 

The investigation to bo described in this paper is an attempt to answer this 
question. The general plan of the* investigation is that the relation between food 
intake and uric acid excretion of a pigeon is determined, as described in the fore- 
going paper [Fisher, R. B., 1935J, and then the same relation is redetermined whilst 
the pigeon is receiving a constant daily dose of sodium lactate. As there is no 
restriction on the amount of food eattm by the pigeon, and as the body weight 
remains constant within very narrow limits, there is no reason to suppose that 
the lactate administered can improve the nutritional state of any tissue. Fui’ther, 
the lactate administered has never been more than the equivalent of 100 mg. of 
the free acid per diem, so that its energy equivalent has not exceeded approxi- 
mately 360 g. cals. On the basis of Benedict and Riddle’s [192vi] figures, the 
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birds used in these experiments should dissipate between 50,000 and 70,000 
g. cals, pef dierriy so that the lactate fed coiild supply at most 0*7 % of the bird’s 
daily energy requirement. 

Since, however, the base fed with the lactate may produce an eflFect similar 
to that which it would produce in a mammal, namely, sparing action on ammonia 
production by the kidney, it is possible that nitrogen will be made more readily 
available for further uric acid synthesis. This point can be tested by feeding 
equivalent amounts of sodium bicarbonate or sodium acetate, but a more elegant 
and more complete control would be obtained if it could be shown that one of the 
optical isomerides of lactic acid, fed as the sodium salt, increased uric acid 
excretion, whereas the other did not do so. 

Experiments of this type have been performed, in which one of a pair of birds 
received sodium Z-(4*)lactate and the other received sodium lactate. A 
period of twelve days was arbitrarily chosen for the lactate administration. It 
seemed possible that a gradual adaptation of carbohydrate metabolic mechanisms 
might take place during prolonged administration of lactate, and it was decided 
therefore that the period of lactate administration should be as short as was 
consistent with the establishment during the period of a definite regression of 
uric acid excretion on food intake. The lactate was given by pipette once every 
24 hours, at the end of the feeding period, and the excreta were analysed in 
48-hour samples as in the previous work. 

The lactate solutions used were prepared from the zinc ammonium salts, and 
the final solutions Tfere examined polarimetrically and tested for the presence of 
ammonia. In no instance was racemisation detected or ammonia found in the 
solution. 

Typical results are presented in Figs. 1-4. The hollow circles represent results 
obtained without lactate feeding: the full circles represent results obtained 
during lactate feeding. It is obvious that in Figs. 1 and 3 the uric acid excretion 
at a given food intake is constantly above the normal level, whereas in Figs. 2 
and 4 there is no constant difference between normal and lactate results. 

Since it is also obvious that the differences between the results obtained in 
normal periods and during lactate* feeding cannot be expressed simply, it is 
necessary to consider at this point the probable nature of the different possible 
actions of lactate on uric acid excretion. 

In the first place, it has been shown that /-(-f-)lactate increases the uric acid 
excretion at a given food intake, whereas «?-( — )lactate does not, so that it is 
no longer necessary to consider the possibility that the effect of lactate is due to 
the base administered. (There is no reason to suppose that the birds would have 
any difficulty in metabolising completely the amounts of e/-( — )lactate ad- 
ministei'ed, since these never exceed^ 100 mg. of the free acid per diem,) 

The possibilities left are (1) a specific stimulant action of lactate on the 
synthetic mechanism, and (2) a participation of lactate in the synthesis. Other 
possibilities, such as alterations of excretion of uric acid rather than its synthesis, 
are rendered unlikely by the persistence of the effect over a period of tw'elve 
days. 

In view of the fact that the relation between nitrogen intake and uric acid 
excretion is linear (see previous paper), it is unlikely that the synthetic mechanism 
is saturated with respect to nitrogen. Yet only about 50 % of exogenous nitrogen 
is excreted as uric acid. Many types of explanation of this fact might be devised, 
but it is at least possible that this failure to convert more nitrogen into uric 
acid is in some measure due to inadequate supply of the source of carbon. If we 
consider the possibility that the source of carbon for the synthesis may be com- 



mg. uric acid exoretc<l per 48 hours mg excreted per 48 hours 


g. food ]>or 48 hours g. food per 48 hour 

Fig. 1. Fig. 2. 

Fig. 1. of /-{ -I )}actat(\ Bird <>17. 100 mg. of l'{ + )laetic acid 

(as the sodium salt) per 48 hours. 

Fig. 2. Kffcct of </-( ~ )lactate. Bird 617. 150 mg. of d>( - )lactio acid 
(as the sodium salt) per 48 hours. 


lO 20 30 M 

g. food per 48 hours 
Fig. 3. 


10 20 30 40”“ 

g. food jier 48 hours 
Fig. 4. 



Fig. 3. Kffeot of Z'( + )la(jtate, Bird 617. 200 mg. of /•( +')lactic acid 
(as the sodium salt) per 48 hours. 

Fig. 4. F0eot of d-( - )laotate. Bird 2000. 200 mg. of d>( - )lactic acid 
(as the sodium salt) peB„48 hours. 
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pt'ted for by the synthetic mechanism and by some other metabolic mechanism 
which need not be specified, then it is easy to see how, in normal circumstances, 
the extent of the conversion of exogenous nitrogen into uric acid may be so small. 
If in these circumstances the synthetic mechanism is activated by some regularly 
presented stimulant, then the proportion of nitrogen presc^nted to it which will be 
converted into uric acid will be increased. On the same hypothesis, if an excess 
of the source of carbon be regularly presented in such a way that the relative 
activities of the synthetic and competing mechanisms are unaltered, then a 
constant excess of uric acid over the normal for the particular food intake should 
bo excreted, and this amount should never reach the theoretical maximum 
calculated on the basis of the complete conversion of the administered substance. 

In other words, if Y=bjc-\-A 

represents the relation between food intake and uric acid intake, where Y ~ food 
intake per 48 hours, x = uric acid excretion per 48 hours, and b and A are constants, 
it follows that the administration of lactate, if it stimulatt^ the synthetic mechan- 
ism, will bring about an increase in b, whilst if it participate in the synthesis it 
will bring about an increase in A . 

From these considerations it is obvious that the differenc(is between the 
normal and lactate results shown in Figs, 1-4 (?an best be expressed in terras of 
the parameters of the regression lines. Since the samples of data available are 
small, and since the estimates of those parameters which are obtained will be 
approximations, the following procedure^ has been used to determine how far the 
observed differences are significant ones. 

In the first place the parameters of thi' regression lines for the series of data 
obtained during normal feciding and for the series obtained during laediate admini- 
stration have been calculated for each bird. In the instamre of the data of Fig. 1 
the regression lines are : 

Y = 17-6988X - 4*34 . . . normal 

Y ~ 21 '2925x — 48*51 . . . lactate. 

The standard error of the difference between the two estimates of b can be 
calculated [R. A. Fisher, 1932, p. 126]. In this instance it is 8*272. Tht' ratio of 
the observed difference between the two estimates of b to th(‘ standard error of 
that difference {i.e. here (21*2925 — 17*6988)/8*272 = 0*51 1/1) constitutes the 
statistic t. It is possible to read off from the appropriate tables [R. A. Fisher, 
1932, p. 151] the probability that, in two such samples as these, a difference, of 
the magnitude observed, between the values of b could arise by chance even if 
the samples were random ones from the same population. The less the prob- 
ability of such a difference, the gn;ater the value of t. 

In this instance the value of t is 0*51 1. For a set of data possessing, as this one 
does, 21 degrees of freedom , t = 0*532 when P = 0*6. In other words there an^ rather 
more than six chances out of ten of obtaining differences in b of the observed 
magnitude between two series of data from the same normal bird, so that lactate 
administration cannot be said to have influenced the value of b significantly. 

The next step is to determine the significance of the differences between the 
values of A . The first step, since we are assuming the values of h to be the same 
within experimental limits, is to obtain a pooled estimate of b from the two series 
of data and to cal emulate corresponding new values of A, This procedure should 
reduce the effect of chance variations in the value of b on the estimates of A. In 
the instance under consideration, this procedure gives ; 

Y = 17*8320x - 8*99 . . . normal 

Y = 17*8320a;-|-94*15 ... lactate. 
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The standard error of the difference between the estimates of A is then calculated. 
(It should be noted that A differs from the constant discussed by R. A. 
Fisher: J==a — 6x, and in consequence = Xjj), and 

~ where F signifies the variance of the 

subscribed quantity.) The standard error in this instance is 29*12, and the 
difference in the estimates of A is 103*14. The value of f is therefore 3*542. With 
21 degrees of freedom, i is 2*831 for P=0*01, and therefore there is less than one 
chance in a hundred of observing such a difference between samples drawn from 
the same po})iilation. That is, the samplers are drawn from different populations, 
and lactate do<\s cause a significant increase in the valui^ of ^4. 

The five other sets of data have been ('xamiued in the same fashion, and the 
results of the examination are presented in the table below: 


Kxp. 


b.E. of dlff. 

n 

“-In 

S.E. of cliff. 


D. 50.617 

4-m 

8-272 

0-60 

103-14 

29-12 

0-0002 

1). 75.204 

- :i :i6i 

5-590 

0-56 

89-09 

53-69 

0-11 

D. 1(X).617 

- 7-856 

15-928 

0*6.5 

107-73 

39-08 

0*015 

L. 50.271 

- 14-729 

6 323 

0-032 

- 86-81 

42-54 

()-055 

L. 75.617 

- 12-5:34 

12-927 

0-34 

19-15 

153-36 

0-90 

L. M)0 

- 2 ;353 

8-149 

0*80 

1502 

90-63 

0-90 


lender the heading? ‘ Exp.” the desij?nation D. ."v0.dI7 ineans that in this experiment bird (>17 
has been receiving 50 mg. ptr dmn of dextrorotatory lactate. 

This table merits discussion in some detail. In the first place it will be seen 
that in every instance but on<‘ ih(‘ apparent effect of lactate administration on 
the value of h is a reduedion. However, the standard error of the estimate of the 
difi’ereiico between the normal and lactate values of b (column three) is so large 
that noiu' of these change's is significant. The general conclusion must be that 
there is eeidainly no increase' in b following lae‘tate administration, but that the^i’e 
may be a decrease altiiough the (*rrors of estimation in the present data are such 
that the observed decreases arei not significant. 

If, in point of fae’t, there is a decrease in b, then the estimates of the difference 
in ^4 are all too low, but there is not the material to assess the magnitude of this 
possible effect. With the exception of the first value obtained for laevorotatory 
lactate the v^alues of A are strikingl}" uniform within the two classes. This part 
of the table is self-explanatory, ami it will be seen that, although in one instance 
the rise in A folio wing dextrorotatory lactate does attain the level of significance, 
there is in this instance a very larg(‘ value of the standard error. The only instance 
of approach to significant level in the laevorotatory series is an instance of a fall 
in .4 following lactate and need not be considered further. The last point in 
connection with these results is that unfortunately the standard errors of the 
differences in the last two instances in the laevorotatory series are very high 
indeed and it might be suspected that this accident was responsible for the high 
values of P. However, oven were the standard error in either instance to be 
reduced to 30 the value of P would not fall below 0*54; there would still be 
54 chances in 1(X) of observing such a difference between two samples of a uniform 
jiopulation having that variance. 

Thus there can be verj’' little doubt that the administration of sodium 
rf-( — )lactate does not bring about an increase in either of the parameters of the 
regression line, whereas the administration of sodium Z-( -f )lactate brings about 
an increase in A but no increase in 6. 

That is, the regular administration of a constant dose of sodium Z-( 4* )lactate 
tends to produce a constant increase in uric acid output, irrespective of the food 
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intake. Furthermore this increase represents a physiologically reasonable conver- 
sion of the lactate into uric acid. In the three experiments quoted in the table above 
the values of (,4^— ^ 2 ^) represent 55*3, 28-4 and 28*9 % conversion respectively. 

If the theoretical discussion earlier in this paper of the physiological signifi- 
cance of changes in the parameters of the regression line is valid, it follows that 
/-(-f )lactate can participate in uric acid synthesis in pigeons, whereas d-( — )- 
lactaki cannot. 

Summary. 

Sodium ) lactate, in daily doses containing from 50 to 100 mg. of the 

free acid, has no effect on the uric acid excretion of homer pigeons. 

Sodium Z-( + )lactate, in similar amounts, increases the uric acid excretion 
significantly. The nature of this increase is analysed, and reasons are given for 
regarding it as indicative of the direct participation of Z-(-f')lactic acid in the 
synthetic process. 

I wish to express my thanks to Prof. Peters for his encouragement, to 
Prof. R. A. Fisher for his help with statistical difficulties, and to the Distillers 
Company’s Laboratories for the gift of generous ciuantities of zinc ammonium 
lactates. 

AfI’ENDIX. 

The statistical adequacy of Wiener's inveMigations of uric acid synthesis in hens. 

Since Wiener’s investigations form the cornerstone supporting the urea-con- 
jugation hypothesis of uric acid synthesis, it is a matter of some importance if it 
can be shown that his results are statistically inadequate to sustain his claims. 

Uric acid excretion. 


(g. per 24 hours.) 


No lactate 

Lactate 

J>aily dose 

1*84 

1*58 

1-40 

1-97 

0*6 g. /-( + )lactic acid 

1-61 

1*50 

1*56 


1-61 

1-64 


3-55 

1*2 g. dMacti(j acid 

2-65 

2-68 

208 

2-42 

3-57 

0*6 g. /•( + )lactic acid 


2*58 

205 

3*76 

1‘2 g. didactic acid 


2*81 

2'94 

2-68 

2-35 

2-76 

0*6 g. i-( + )lactic acid 


2*75 

2-37 

2*94 

1*2 g. di-laotic acid 

2-05 

2'8l 

222 

2-57 

2-26 

2-93 

0*6 g. i-( + )laotic acid 


3-28 

203 



The daily doses are given in terms of the free acid although the acid was administered as the 
sodium salt. 
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1 have chosen the results obtained with lactate, malonate and tartronato for 
examination. The lactate stories is the most numerous and should give the least 
equivocal answer. The malonate and tartronate results are chosen because 
Wiener claimed 100% eonvcTsion of these substances. 

Wiener’s method was to give hens a constant daily dose of urc^a and to 
determine the uric acid excretion in three succ€^ssive 24-hour periods. The test- 
substance, lactate, malonate or tartronate, was then given in a constant daily 
dose, in addition to the urea, and the uric acid exci'otion in three successive 
24-hour pcTiods was again dtder mined. The results obtainerl when lactate w^as fed 
are reproduced in th(* abf)v<‘ table (p. 2204). 

The method used for the examination of thes(» results is that given by 
K. A. Fisher [1932, p. 114]. The essential steps are the determination of the 
variance, i,e. the value of S — for each group of results, and tin* derivation 
from this of an estimate of the standard error of the difference of any two of the 
means. The estimate^ of the standar<l error, divided into the observed difference 
between tlK‘ means in (luestion, gives a value of t from wliich the probability of 
a difference of the magnitudf' observed occurring between samples of the same 
jiopulation can be estimated. If the means compared are derived rt\spectively 
from series wuth and without lactatf- ff^eding, a high probability will signify that 
th(‘ series with lactate feeding belongs to the same ])opulation as the series 
without lactate feeding, that is, that lactate has no significant influence on uric 
a ( hi ('xcr(‘tion. 

The essential results are colh^tcMl in the table below: 


Bud 

Lnrtafp 

Ihff. of menus 

Standard i*iror 

t 

(7)A 

l-{ ' )lactat«‘ 

(HUi 

od:^ 

0-492 

(4)C 

c/Z-Iaf 

0 21 

0-42 

0-502 

/.( -f )laotatc 

0 17 

0*45 

0-378 

(4)D 

f//-Ja«'tuto 

0-72 

oto 

1-433 

/-( - ilactate 

017 

0-38 

0-455 

(4)R 

(jU-hiviat 0 

o:io 

0-27 

1-355 

/.( r )Ia< tate 

0 45 

0-40 

1-129 


The figurt’8 in bra<‘kt*t« in front of tbc lotterN (I<*sij(natintr the birds indictite the number of 
ilei^rees of fre(*dom of the data. The “Difl. of means” eolumn shov\s the dilft'renee between the 
mean of the normal results lor that bird and thf‘ mean of the results obtained during lactate 
feeding. 

As, for 7 degrees of fret^dom, / — 0*543 wlum P-O-B, and, for 4 degrees of 
frecxlom, ^ = 1*533 wlum /^ = 0*2, it follows that in the most favourable instance 
there is still nu^re than one chance in live of the* observed diff’erence arising by 
(“lianee betwc'en two samples from the same population. 

However, it might be objected that the uniformly positivt^ character of the 
(‘hange when lactate is fed must mean that there is a true rise in uric acid 
excretion as the result of lactate feeding, even though the rise is not significant 
in individual instances. This point is best tested by considering the results 
obtained with birds C, D and E, which should all be comparable. Tlie average 
of the difference of means (see table) for rfMactak^ for these three birds is 0*430, 
and the standard error of this average is 0*151. In order to test whether the 
average is significantly different from zero, / =0*430/0*151 is calculated, the 
answer being 2*842. As the data possess only 2 degrees of freedom , t = 2.920 when 
P = 0*1, and in consequence the average difference cannot be said to differ 
significantly from zero. When the results obtained wdth i-( + ) -lactate are 
treated similarly a value 2*817 is obtained for t. That is, the variation in the 
observed mean rise in uric acid excretion is so great that there is at least one 
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chance in ten of obtaining a mean difference of zero in a series of three experi- 
ments carried out in the same manner as Wiener’s. 

The experimental data for malonic acid and tartronic acid are presented in 
the following table: 

TJric acid ejxcrctiona. 


(js. per 24 hourH.) 




Malonate or 


Bird 

No addition 

tartronate 

Daily dose 

A 

1*84 




1*58 




1-40 

2*34 

0*75 malonic acid 



1-72 



1*61 

1-61 



1*61 




1*64 



F 

3-63 

4-39 

1*5 g. malonic acid 


:m7 

3*63 


2*56 

316 


H 

2-38 

:h51 

1 *23 f^. tartronic acid 


2-50 

2*56 



2-51 

2-48 



The results of statistical examination of these* results can be expressed very 
briefly : for A there are 7 degrees of freedom, and / = 1 *02 1 . When P = 0* 1 , ^ = 1 *895. 
For F and H there are 4 degrees of frcM^dom and the respective values of i ar<' 1 *281 
and 1*160, When P = 0*2, / == 1*530. It follows that none of these difierencjes is 
significant. 

In conclusion, it is interesting to note the frequency with which the uric acid 
excretion in the first 24-hour period of lactate, rnalouate or tai^tronate admini- 
stration shows a very sharp rise, which is followed in the subsequent periods by a 
fall which may bo so great that in the third period tlu* uric acid excreted is less 
than in any of the normal periods. This suggests strongly that in Wiener’s work 
what was being observed was a washing out of urates, ])robably (lu(* to the diuretic 
effect of large amounts of the salts administered, followed by a eorre8j)onding 
retention of urates in the later periods, it seems very probable that the apparent 
mcroases observed would not ha ve betm obtained if the period of administration 
of lactate ete., had been doubled. 
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SECTION A. ULTRAVIOLET ABSORPTION SPECTRA. 

From investigations of the absorption of ultraviolet ligiit by commercial 
extracts of the posterior lobe, Graubner [1928] concluded that tlie hormone'- 
molecule plays an essential {wesentlich) part in the absorption, basing his 
views on a supposed correlation of the oxytocic activities with the amount of 
absorption. In our opinion, such correlation was unreliable owing to tlu^ very 
small quantity of active material which can have been present in these extracts 
as compared with the amounts of inactive substances. The question lias therefore 
been studied anew. 

Measurements of the ultraviolet absorption spectra of purilied hormone 
solutions have not demonstrated relationships either between the values of 
extinction coefficients and the solid content of the solutions (Fig. 1) or between 
the amount of absorption and the number of oxytocic units present (Table 1). 
Moreover, when the spectra of a hormone solution were measured before and 
after electrodialysis at pjj 11 (p. 2218), the initial solution showed a spectrum 
with a pronounced peak at 274wp,, whereas the hormone solution after treat- 
ment exhibited rnen^ly a general adsorption. 

It seems probable, therefore, that the amount of absorption is chiefly deter- 
mined by the presence of variable quantities of absorptive, but non-oxytocic, 
substances in the extracts and that these are also responsible for the peak at 
about 274w/x which is shown by some hormone solutions. 

A consideration of the shapes of the absorption curves noi^ recorded, and 
to some extent also of those of Graubner, suggests strongly that fhese con- 
comitant substances may be peptide in character; this conclusion is in harmony 
with the observation, based on qualitative chemical tests, that posterior lobe 
extracts contain proteoses and po&sibly peptones [Abel and Pinooffs, 1917]. 

^ Travelling Fellow of the Victorian Women Graduatea Aasociation. 

- Lister Institute Research Student in Biochemistry. 
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In a comparison of the ultraviolet absorption spectra of the extracts (Figs. 
1 and 2) with those of proteoses and ]7eptonos (Fig. 3), the following similarities 
between the two groups an^ apparent: 

(1) The general resemblance of the shapes and wave-lengths of the absorp- 
tion spectra curves. 

(2) The presence in acjid solutions of flattened peaks with centres at about 
21 4m ft but sometim(\s stretching towards shorter wave-length. 



Fig. 1. Jloniione solutions at pn 3*5— 3*7. Lj n-n; o-o; 
B a; Kj a ; K4 

Tahiti I. 



Solid 

rnils 

Units 

E 

Absoiption 

Sulutinn 

iiig. per ml. 

j)er ml. 

per mg. 

274 5m/^ 

274-5 


7*.^ 

UiO 

21*5 

(5*1 

4-3 

U 

l*I 

270 

24r>*l» 

45-4 

1-0 

n 

0 0 

31H» 

53*5 

2(>*() 

14-0 


3*6 

0(X) 

250-0 


8*0 


5*3 

ItHH) 

18S0 

22u 

12-0 


(3) The })resenco in acid solutions of wddc troughs with centres at about 
but sometimes extending towards longer wave-lengths. 

(4) The hliing of this trough as the alkalimty increases. 

(5) The disappearance of this trough in alkaline solutions in some cases, so 
that peak and trough become merged into a wide plateau. 

(6) A shift towards longer wave-length and a tendency for the extinction 
coefficients to increase, both in alkaline solutions. 

The s|^ctra of hormone solutions which liad been deprived of their oxytocic 
activity with alkali resembled the spectra of authentic proteoses and peptones 
in alkaline media. 

It was therefore concluded on those grounds also that the ultraviolet absorp- 
tion spectra of the hormone solutions at present available are not intimabdy 
connected with the presence of the hormone molecule but arc a property of 
peptide substances which accompany it. 
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Fig. 2. Spectra of hormone solution B at different pn values. 
0-0 Ph 3- 7; A-A Ph 7; Ph ^ T^ii ^^*3' 



Fig, 3. Spectra of proteoses and peptones. Witte’s p^tone pn 7 pu 3*^ • — Witte’s 
i:>cpt/one : dialysed 7 o-o; Ph o — o; Savory and Moore’s peptone : proteose 

7>jj 4-2 a-~a; Ph 9-4 a — a; vSavory and Moore’s peptone : peptone Ph ^*4 x-x; 
Ph 9-6 X — X ; pressor fraction from Kamm separation [Kamm et cu.^ 1928] pn 6*2 a~a. 

Experimental. 

Comparison of the absorption spectra of hormone solutions, 

A Hilger spectrograph (Type E3) and sector photometer were used to 
measure the absorptions. The solutions were “Kamm’’ solutions (for deiinltioni 
see Gulland and Newton [1932]) prepared as described, by Kamm et ah [1928). 
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The measurements, made under comparable conditions at pjj 3*5-3*7, are sum- 
marised in Table I. In Figs. 1, 2 and 3 and Table I, the extinction coefficients 
are calculated on the basis of 1 % solutions of the proteoses, peptones or the 
residues of hormone solutions, dried at 110°, and at the customary thickness 
of 1 cm. 


SECTIONS B AND C. 

The aim of these experiments, purification of the hormone, has not been 
achieved, since preparations assaying about 260 oxj^tocic units per mg. of solid 
represent the limit of purification which we have readied. Nevertheless, this 
publication is made because a variety of novel points have been brought to light 
and also because it records a fully investigated scheme of attack, based on the 
observation in Section A that the substances which accompany the hormone in 
purified extracts are peptide compounds of relatively low molecular weight. 

B. Adsorption experiments. 

1. Various adsorbents. The results of a series of experiments on the ad- 
sorption of the hormone from a partially purified solution are summarised in 
Table II. They offer little prospect of extensive purification of the hormone by 

Table II. Effect of adsorbents. 


Hormone solution K, (9(X) units per ml., assoc'iatcd with 3*6 mg. of solid). 
Total vols. of liquid, 10-15 ml. 



\Vt. of 


Duration of 





adsorbent 


adsorption 

Units 

Units in 

Units in 

Adsorbent 

mg. 

Pn 

hours 

used 

filtrate 

eluate 

Silica gel 

1(K> 

2*8 

16 at 0® 

20 

19 

— 


6*5 

If 

20 

20 

— 



11*0 

♦ f 

20 

20 

— 

Aluminium hydroxide 

30 

3*5 

16 at 0® 

20 

20 

— 

Cy 


6*5 

»» 

20 

20 

— 


10*5 


20 

20 

— 

Fuller's earth 

100 

3*3 


20 

0 

20* 

(Surrey yellow) 


7*0 

»» 

20 

0 

20* 


110 

ft 

20 

16 

— 

Talc (acid-treated) 

50 

6*7 

17 at 20“ 

18 

1*5 

4*5t 

Talc (ignited) 

50 

6*7 

17 at 20“ 

18 

3*2 

2*7f 

Asbestos 

100 

6*1 

18 at 20° 

18 

18 

— 


100 

11*0 

„ 

18 

18 

— 


The hormone M’as not eluted by 95% acetic acid but was set free by aV/5 ammonia acting 
for 1 hour at 0®. 

t Eluted with glacial acetic acid. 

X Eluted with N/10 ammonia at 0®. 

means of these adsorbents acting alone, because in general those reagents which 
did not adsorb the active material failed to remove appreciable amounts of solid, 
whereas elution of the fuller’s earth adsorbate with ammonia liberated relatively 
large quantities of inorganic material in addition to the active substance. 

(2) Adsorption on norite. The use of norite as an adsorbent was studied by 
Gulland and Newton [1932], but it was desirable to repeat some of their obser- 
vations in different circumstances and to attempt to apply the adsorption to 
the purification of hormone solutions. 
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The norite was extracted repeatedly with hot 20 % h 3 ''drochloric acid, washed 
with distilled water, dried, extracted twice with silica-distilled glacial acetic 
acid and washed with silica-distilled water. 100 mg. of the final sample yielded 
0-08 mg. of solid in a blank experiment (see below). 

In all experiments thronghout this paper where determinations of weight 
were made the acetic acid and water used were distilled and collected in silica 
apparatus and contained no woighable residue wbtm considerable volumes were 
evaporated. In alkaline experiments, where ammonia had been used during 
the adsorption, the norite was fresed from ammonia, before being eluted, b}’' 
being heated at 40^ for 30 min. under reduced pressure. This does not diminish 
the activity. In the other experiments, ordinary reagents wore used. Solids 
were estimated by evaporation of the solutions and drying of the residues to 
constant weight at 100® in a current of dust-free aii*. 

Adsorption was effected by shaking frequently mixtures of norite, hormone 
solutions and buffer or diluting liquid (6 ml.) at 0®. The norite was collected, 
washed with water (10 ml.) which removed no activit}", dried and eluted at 
room temperature. The resulting eluates were concentrated under reduced 
pressure below 40®. 

The results are summarised in Tables III and IV. Confirmation has becm 
obtained of the observation of GuUand and Newton ( 1932] that norite adsorbs 

Table III. Norite, adsorptions. Activiiff cxperiineni^. 

Solution Kg, 10 units; norite. r)(> m^.; adsorption for o hours 0^. 

Pfi Units in units Units in 

adsorption oluate rci'ov'ered filtrate Remarks 

Eluted by glacial acetic acid. 

11 80 0 
2 1.1 SO or> 

7 13 68 0 

11 9 47 0 Elocirodjalyscd hormone solution 

Eluted by absolute alcohol. 

11 0 — 0 

Eluted by mixtures of glacial acetic acid and absolute aJi’ohoi. 

11 12 63 — I0‘,'o acid 

11 12-13 63-08 20 acetic acid 

11 13 68 — ,10 acetic acid 

Table IV. Norite aisorptions. Activitj/ — weight e,rpcriments. 

^ . Koritc, 100 mg.; pa 11, *V/10 ammonia; elution bv glacial acetic acid. 

Duration 

of ad- Solid in Solid 

sorption Units and Units % units Units ui sol. used recovered % solid 
hours solution rocov^ered recovered filtrate mg. mg. recovered 

5 135 Kg 105 78 J -2 0-51 0-57 105 

1 250 Ki* 200 80 0 1 32 M9 90 

* Solution Ki contained 1000 units per ml. associati^il with 5-3 mg. of solid. 

all the active material from alkaline Kamrn solutions and at 2, and that 
most of the activity may be eluted by acetic acid, but those facts cannot be 
used to effect further purification than that already recorded because the per- 
centage recovery of solid is slightly higher than the percentage recovery of 
activity. 

(3) Use of norite and f idler's earth in purification. Attempts were made to 
purify the hormone in Katnm solutions or in whole extracts of posterior lobe 
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a) by succosBive adsorptions with small quaiitithvs of norite at 1 1 ; (h) by 
successive adsorptions with norite at 6 and 11 ; (c) by adsorption on fuller's 
earth, elution and roadsorption on norit(i. The purifications effected, however, 
were not sufiiciently markc*d to warrant detailed descriptions, and in the case 
of whole extracts of posterior lo]>e th('. concentration factors ranged from 
10 to 20. 

The following is a d(‘,scription of an exporirmnit in which adsorption of tlie 
hormone on norite, preceded by treatment of thc^ solution with fuller's earth, 
replaced the customary concentration of posterior lobe extracts under reduced 
jiressure and adsorption of tlie active* material as a protein-ammonium sulphate 
precipitate. This concentration is troublesome and time-consuming owing to 
frothing of the solution and to the relatively low temperature at which the 
distillation must be made (btdow 40""), and in our hands extraction of the protein- 
ammonium sulphate precipitate? with ac(4ic a(?id has frequently failed to remove 
all the active material from the ]>recipitate. The procedure now outlined is 
therefore pf value. 

Dried powdered yiosterior lobe powflcr (10 g., 15,000 units) was extractcid 
with 0-25 acetic acid (I litr<0 for 30 min. on a boiling water- bath, the solid 
was collected and re-extracted with 0*25% acetic acid (101) ml.). The combined 
extracts were cooled t(3 3^, brriught to sodium hydroxide and treated 

with (8urr(*v yellow) fuller's earth (5g.). lo min. later, the solid was removed 
by filtration and wash<?d with water (B), and norite (Og.) was added to the 
filtrate at >y\ 45 rain. ]at(?r, the norite was collected and washed with water 
(000 ml.), and the filtrate was treated with norite (A) (2 g.) for 45 rain, at 5\ 
The activity remaining in tlie filtrate from this adsorption was assayed (C). 

The norite fractions wen? eluted with acetic acid and the following account 
af)pli(?s to thc! first norite fracjtion. It w'as clut-ed twice with glacial ac(*tie acid 
(150 ml, for thc first elution, 50 ml. for the second) and washed with water 
(50 ml.) and the coinhiued filtrate and wasliings were (?vaporat(?d to dryness at 
35 -40 ' under reduced pressure. The residual solid was dissolved in glacial acetic 
acid (20 ml.) at 40'^ and prooipitatod with dry ether (50 ml.). The f)rocipitate 
was re-extracte<i and re-precipitated in tin? same way, and the resulting solid (D) 
was washed with ether and dried over phosphoric oxide. The united ether-acetic 
acid solutions were tilt<)red and mixed in suc(!ession with water (0-8 ml.) and 
with light jad-roleum (280 ml,). 

The solution w'as decanted from the gum (E) which had separated over- 
night and deposited a .seeond gummy precipitate (F) during the subsequent 
24 hours. These precipitates were washed with light petroleum and dissolved 
in water and the solutions were brought to 3 with acetic acid. 

Assays of activity and determinations of weight of solid were made at 
suitable stages and are recorded below. 



Weight 

Oxytocic 


Fracticii 

mg. 

units 

L‘nits/mg. 

First precipitate (K) 

40-2 

7.r>(X) 

152 

Seconil prtHipitato (F) 

740 

830 

112 

S<*cond norite fraction (A) 

. — 

320 

— 

Filtrate from 8e<>ond norite adsorption (C) 

— 

120 

— 

Washings from first norite adsorption (B) 

— 

40 

— 

Solid dried over (H) 

350 

2,960 

11,770 



We are greatly indebted to Prof. J. H. Bum who estimated the pressor 
activity of the first precipitate as being 13% of the oxytocic activity. 
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C. Dialysis bxpebiments. 

It has frequently been suggested that the hormone is a base, and the accep- 
tance of this view is encouraged by its susceptibility to attack by nitrous acid 
[Gulland, 1933] and by the present observation that the activity is destroyed 
when acetylation is effected under mild conditions. 

Section A shows that some of the substances which accompany the hormone 
in whole extracts of posterior lobe or in purified solutions are peptide in 
character — probably resembling proteoses or peptones. 

The numerous records of the passage of the active material through dialysing 
membranes indicate that the molecular size of the hormone is small, and it has 
now been shown that the hormone and the accompanying material not only 
pass through cellophane at the same rate but also leave little undialysable 
residue. The molecular size of the accompanying material is therefore also not 
large. 

On the assumptions, therefore, that the hormone is predominantly basic in 
character and that the concomitant substances are ampholytic, it is theoretically 
possible to effect a separation by electrodialysis, provided that the active 
material is not adsorbed on the ampholytes under the experimental conditions. 
A series of experiments was therefore made ^ 
on the cataphoresis of hormone solutions ^ 
in a three-compartment cell under con- 
ditions which varied only as regards the p j| 
value of the centre compartment contain- 
ing the hormone at the beginning of the 
experiment (Table V). Fig. 4 shows the 
effect of changes in the value of 
the centre compartment on the number 
of units remaining in it after electrodialysis 
had proceeded for a standard time. 

The hormone did not migrate to the 
anode under any conditions, and as the 
values investigated ranged from 1-6 to 
12*5, it must be concluded either that the 
hormone is not an ampholyte and does 
not contain a “free” carboxyl group, or that throughout the alkaline range the 
hormone is adsorbed on basic, non-ampholytic material. Experiments are in 
progress to determine this point. 

At pjj values more alkaline than pg 8*5 the hormone did not migrate, 
whereas it behaved as a cation at reactions more acid than pjj 6*5. Between 
these values the curve of Fig. 4 may be an approximate ionisation curve having 
Pi^ 7*5. Discussion of the theoretical implications of these facts is postponed 
until further information is available on the question of the adsorption of the 
hormone by basic substances (see above). 

It was then shown by comparative experiments ad hoc that the passage of 
the hormone through the cellophane membrane is essentially due to the passage 
of the current and is not the consequence of simple diffusion. 

Disregarding temporarily, therefore, the theoretical significance of these 
experiments, the following practical results are evident. First, at p^ values 
corresponding to the probable isoelectric points of the proteoses in the acid 
range the hormone migrates into the cathode compartment. 

Second, the hormone remains in the centre compartment at alkaline reao- 



7 tt 9 10 11 12 Ti 
Py^ of centre compartment 


Fig. 4, 


Cataphoresis of oxytocic hormone 
Bolutions. Solution Ka o-o; solution K 3 /IO 
solution KaD/lO x ~ x . 
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tions, when the proteose molecules, as anions, should migrate into the anode 
compartment. 

The straightforward electrodialysis of hormone solutions at acid reactions is 
not practicable as a method of fractionation, because the hormone molecule 
undergoes reduction at the cathode, with consequent diminution of the activity, 
which cannot be completely or permanently regained [Gulland and Randall, 
1935]. 

A number of electrodialysis experiments at acid reactions, designed to obviate 
this difficulty, are described in the experimental section, and studies were also 
made of electrodialyses at alkaline reactions, in which the hormone did not 
migrate and was subsequently adsorbed on norite. In this latter connection it 
was shown for comparative purposes that the proteoses and peptones of “Savory 
and Moore’s pejDtone'’ migrated into the anode compartment of the same 
apparatus from a solution maintained at 10. 

The experiments outlined above were unsuccessful in purifying the hormone ; 
in fact, the ratio of activity/solid invariably fell as a result of the dialyses. This 
was probably due in part to reduction of the hormone molecule at the cathode 
and in part to destruction of the hormone in the alkaline solutions, for it has 
been observed that removal of proteose-like material by electrodialysis greatly 
decreases the stability of the hormone towards alkalis. It is clear that electro- 
dialysis can be used to eliminate inactive substances from hormone solutions, 
and that the method could be used as a moans of purification if the hormone 
could be protected from simultaneous destruction, but in our opinion the de- 
creased stability of the purified hormone does not strengthen the probability 
of its isolation in pure state. 

Finally, a single attcrnj)t was made to separate the ox;^i)Ocic and pressor 
substances by electroflialysis at an alkaline reaction. This was unsuccessful 
because neither hormone migrated to any marked extent. Presumably the 
pressor hormone is either basic or was adsorbed on basic substances. 


Experimental. 

Adioa of acetic anhydride. 

A mixture of solution K3 (CM ml.) glacial acetic acid (PC ml.) and atretic 
anhydride (10 ml.), added in that order, was diluted to 2-5 ml. with glacial 
acetic acid and left at room temperature for 2 hours. Water (30 ml.) was added, 
and the solution was concentrated to 1 ml. at 35-40® under reduced pressure, 
diluted with water and assayed. The total activity was about 2% of that 
initially present, and this value remained unaltered after the solution had been 
kept at Ph 10 for half an hour, showing that hydrolysis did not occur in the 
testing-bath as a result of its alkalinity. 

Dialysis through cellophane. 

Bags of No. 400 cellophane were soaked before use in repeated changes of 
silica-stilled water, and silica vessels were used throughout. 

The following experiment shows that the active substance and the solid 
material present in a Kamm solution pass through the dialysing membrane at 
approximately the same rate. A mixture of solution K3 {2 ml.) and 0*1 % acetic 
acid (2 ml. together with some toluene) inside the membrane was dialysed at 
room temperature against 0*1% acetic acid (4 ml, and toluene). The liquid 
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outside was changed daily, assays wore made, and ali(iuot portions were dried 
to constant weight at 110®. The remained constant at 3*5. 


Inside 
sol. at 
8ta.rt 

No. of units 1800 

Woij^ht 7.0 

I 'nit s /mg. 250 


Outside sols. 

V 


1 day 
759 

2G0 


2 days 

579 

2-40 

247 


3 da3^s 
245 
104 
236 


4 days 

105 

0-4G 

228 


7 daj^a 
63 

0-54t 

116 


Total 

1751 

7-30 


* This is a eovreeted value, solid matter (0-72 mg.) extrueted from the eellopbane having 
been present, as shown ]\v a blank determination on a ne\< memfirane from the same sample, 
t Extraneous solid was set'n to be present. 


Cataphoresis. 

Cell, The coll was of plate glass. The dimensions oi* each comy)artmoni 
W(‘re 4x3x1 cm.; the dividing membranes consisted of eellophano, No. 400, 
0*00126 in. thick, and the oloetrodes of platinum foil measured 2 5 x 2*5 cm. 
Each compartment was cooled by coils containing rimtting wat(U‘, which main- 
tained the temperature in these experiments at about J S^. The contents of the 
centre comj)artment wen? stirred mechanically. 

Solutions used. The preparations used wt're Ko (450 units and 24*4 mg. per 
ml.), a tenfold dilution of Kg (90 units and 0*3(> mg. per ml.), and a solution 
prepared from Kg/lO by simj)ie dialysis through No. 600 C(‘lloy)hanc followed by 
concentration to 90 units j)er ml. (called Kg 1)/10). 

Procexitire. The centre compartment contained th(^ hormone solution (45 units), 
Jf/10 buffer solution (1*0 ml.) and wat(T, tlje total volume being 9*0 ml. The 
anode and cathode compartments contained water (8 ml.) and 0*1 ml. of the 
basic and a(ddic constituents of the buffer solution respectively. The eurront 
strength was maintained at 50 milliamps. Measurements of the hydrogtm ion 
concentration of the centre and cathode compartments wen^, mad(‘ eolori- 
metrieally. The reaction of the centre compartment was maintained by tlu^ 
addition of sodium hycb'oxide or sulphuric acid, and carbon dioxide was passed 
into the cathode solution when necc^ssary. This reduced the alkalinity to 
Pyi 11*5-10 in the experiments in which the centre (•-omj>artment was at pjj 1 *6-8*5 
and maintained it at the same valium as tlie (‘ontn'i compartment solution in 
the experiments at p^ 9*5-12*5. It was not possible to maintain these reactions 
accurately and the valnes quoted were at times subject to fluctuations of ±0*4 
Pjj unit 

After the experiments had proceeded for 1 hour, the solutions were diluted 
atp 2 j *^*^5 were assayed. In the cases of solutions from th(^ (jentre compart- 
ment the contractions were grouped as described by GuJland and Newton [1932 [, 
and this procedure was followed whenever possible with the solutions from the 
cathode compartment. The solutions from the anode (‘ompartraent never con- 
tained more than a trace of a<^tivity, too small to bc^ estimated even by single 
contractions. The results are given in Table V. 

In most experiments a few oxytocic units were apparently lost. Tliis dis- 
crepancy between f^xperirnental and theoretical values may have been due to 
unavoidable error in the assays, to inactivation by acid or alkali or to electro- 
lji;ic reduction at the cathode. The loss due to reduction probably became 
significant in those experiments in which migration to the cathode was extensive. 

In an experiment at p^ 3*5-4, similar to those described above but in w'hich 
225 units were used, the activity in the centre compartment had fallen to 50 % 
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Table V. (Uitaphoreais of oxytocic hormone, 

45 units iiHod in eac h experiment. Figures show units present at. end. 

K, Ka/10 D/10 


Pn 

Buffer 

C<*iitrt' 

Cathode 

Centre 

Cathode 

Centre 

Cathode 

l() 

Glycino 

.30. 25 

5, 5 

21 

8 

— 

— 


Citrate — ),, 


— 

20 

7 

27 

5 

3*3 

Acetate 

23 

10 


- 

— 

— 

5-0 

Acetate 

10 

22 


— 

... 

- 

5*5 

Borate 

18 

2(J 

— 

— 


_ „ 

7-5 

Phosphate 

35 

5 

30 

Trace 

30 

2 

S-,*) 

I^hosphato 

42 

'rra(‘e 



— 

— 

D”) 

Itorate 

40 

1 

— 

— 

— 

— 

il-5 

1 

o 

44 

0-5 

40 

0-5 

40 

Trace 

12 5 

Citrafe -XaOH 

43 

Traee 

— 

— 

— 

— 


after 1 hoar and to 4*^;, after 4 hours, showhij^ that all the active material was 
capable of passing through th(‘ mernlirane iindcT the conditions of these experi- 
ments. 

Electrodinhjaia at arid p^^r ralne.s, 

(i) In S-crnnparfnirnt cell uaing norite in cathode cornjiarfment. Two experi- 
ments at a(*id reactions were earricMi out in the usual apparatus, the alkaline 
cathode compartnumt containing norite ; in Exp. 1 the reaction of the liquid in 
the central compartment was maintained at pj^ tlu' le‘ast acid reaction 

at whicli migration towards the c^athcKle .seemed to occur (Fig. 4), whereas in 
Exp. 2 th(^ reaction was not controlled and fell from /qj 4 to 34). 

The anode compartment A containeil water (ft ml.) and X acetic acid 
(0*1 ml.). The eentre compartment B contained wattT (9 ml.) and solution 
{I ml., 1000 units, 189 units ]K*r mg.), previously evaporated to dryness to 
remove acetic* ac'id. Tlie c*athode eompartmcmt (/ contained water (9 ml.), 
N NaOH (0*1 ml.) and purilied norit-e (100 mg.). The cathode compartment 
was inaintaint‘d at 10 by the addition of acetic acid and the ttunperature 
wa.s 7 -liy\ The filtrate from the norite and the anode and centre liquids were 
adjustc'd to 3*5; the norite was dried and eluted with 98 acetic acid, the 
cluate being concentrated and dilutcHl with water for assay. The results, sum- 


maristHl in Tahiti 

\d, show a fall in the ratio activity/solid 

weight. 





Tabic VI. 




Dura- 


louts ill 


14iils 


tion of 


— 

^ 

tier nig. in 


dialysis 

Current 

Filtrate 

Norite 

norite 

Exp. 

hours 

milliamps 

Centre from norite Anode 

eluate 

eluate 

1 

2-5 

KM) 

625 Nil Nil 

80 

178 

2 

2 

44-80 

Trace Nil Nil 

205 

105 


(ii) Using additional compartments. The object of these experiments was to 
interpose^ between the catliode and the hormone cations a compartment of which 
the reaction was maintained at an alkalinity such that the ionisation of the 
hormone cations of the original acidic solution would be depressed. The mole- 
cules would therefore not migrate further to the cathode but would remain in 
the additional compartment, into which the peptide molecules would not have 
penetrated. 

(a) A 4-ccmpaHnvmi cell similar to that already described, was constructed 
with the anode and cathode in the outside compartments. The compartments 
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wore filled as follows: A (anode) and C, A/100 sodium acetate (10 ml.); B, solu- 
tion K4 (0*5 ml., 500 units) and water (9*5 ml.); D, A7IOO NaOH (10 ml.). 
Dialysis proceeded at 50 milliamps for 2 hours, B being maintained at 6~7, 
C at pjj 9-11. The solutions were as8a3^ed as follows: B, 412 units; C, 51 units. 
Evidently little migration occurred, probably owing to the value of 6-7 
being insufficiently acidic (compare previous experiment immediately above). 

(6) S-emnpartment cell. The compartments were filled as follows: A (anode) 
and B, N acetic acid (1 drop) and water (10 ml.); C, solution Kg (0-5 ml., 
225 units) and water (9 ml.); 1), F, G, H, I (cathode), N ammonia (1 drop) and 
water (10 ml.). The dialysis was carried out for 20 hours at 5 milliamps. The 
Pij values of the compartments were finally: A and B, 2; C, 3*4; D, 4*2; F, 5*0; 
G, 5*8; H, 11; 1, 13. A small amount of solid separated on the membrane of 
compartment C on the cathodic side; this was collected and dissolved in very 
dilute acetic acid (solution Y). Assays of the solutions gave the following results : 

Solution A B 0 D F G H 1 Y 

Units 0 05 10 1 0 0 7 14 16 

(iii) In 4-compartment cell combined mith yiorite acUorption. Tlie anode com- 
partment (A) contained A710() acetic acid (10 ml.). Compartment B contained 
solution K4 (100 units per ml.; 189 units per mg.) which had been previously 
evaporated to dryness (8 ml.). Comx>artment C contained water (8 ml.), norite, 
and 1 drop of N NaOH. Compartment D contained A7IOO NaOH (10 ml.). 
During the dialysis the temperature remained at and the of B fell by 
about 2 units to 3*6. Compartment C was maintained at 11 by the addition 
of NaOH. The norite was collected, washed, eluted twice with 98% acetic acid, 
and the combined eluates were concentrated and diluted with water. The variou.s 
solutions were assayed (Table VII). 


Table Vn. 


Dura- 









tion of 



Amount of 


Units coutaiiied in 



dialysis 

Current 

Units at 

norite 

^ 

- A.. 


— 


hours 

milliamps 

start 

ing. 

A 

B 

C 

X) 

Norite 


55 1 

100 » 

lOCK) 

100 

— 

06 

4-5 

3-2 

610* 

2-5 

100 

275 

50. 

Nil 

Trace 

Nil 

Nil 

125 

3*0 

60 

1000 

100 

Nil 

2 

6 

2 

51 7t 


* IfK) units per mg. 

t 142 units per mg.; the cellophane membranes used in this experiment had been soaked in 
water for several days before use. 


Elextrodialysis at alkaline values combined with norite adsorption. 

Solution K4 (1 ml., 1000 units, 5*30 mg., 189 units per mg.) was evaporated 
to dryness with water, diluted with water and submitted to electrodialysis in 
the centnj chamber of a 3-compartment ceU. The pn of the centre compartment 
was maintained at 11 by means of NaOH, the temj>erature being 9°. Water 
was placed in the cathode chamber and also in the anode chamber, through 
which a continuous slow stream of water was passed to remove any material 
which entered the chamber. After the dialysis, the active material was adsorbed 
from the centre solution by norite, leaving no activity in the filtrate, and the 
norite was washed and eluted twice with 98% acetic acid. The eluates were 
evaporated to dryness under reduced pressure, and the residue was taken up in 
water for assay and for weight determination in an aliquot part, dried at 110®. 
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The amount of solid recovered was variable, and owing to the loss of activity 
the ratio aotivity/solid weight fell in each case (Table Vlll). Recombination of 
the solutions from the three compartments did not restore the activity. 


Table VIII. 


Xo. of 

Durati«>n 
of dialysis 

Current 

Weight of 
norite 

Units 

Solid 

recovered 

Units 

exp. 

hours 

milliamps 

nij:. 

recovered 

mg. 

rag. 

1 

3*5 

100 

150 

SfK) 

2*85 

175 

2 

1*5 

UK) 

120 

666 

5*30 

124 

3 

4-5 

50 

2(K> 

600 

4*60 

128 

4 

3*0 

100 

250 

267 

2-40 

JIO 


Before being used the cellophane membranes were soaked for several days 
in rej^eated changes of silica-distilled water, and in Exps. 2 and 4 tiie membranes 
were used in a blank experiment with acetic acid lasting 2h hours, in the hope 
of eliminating water-soluble material. Exp. 4 was carried out at 4” and 

9*5-10, a cellophane membrane being used on the cathode side of the centre 
compartment and a membrane of tough filter-paper on the anode side. It w^as 
hoped that these modifications would diminish the loss of activity and allow 
greater ease of passage of the i)roteose-like material to the anode. The anode 
and cathode compartments contained 12 and 13 units respectively. 

Elecirodialysis of Holuiion containing oxytocic 
and jit'csfior substances. 

An extract of posterior lobe was concentrated and precipitated by ammonium 
sulphate and tlie precipitate extracted with acetic acid, as described by Kamni 
et at, [1928]. This extract (4*0 mi., containing 1080 oxytocic and the same 
number of pressor units) was evaporated to dryness, dissolved in water and 
edectrodialysed in the centre-compartment of a 3-compartment cell for 3 hours 
at 50 milliamps and 10“^. The centre compartment (B) was maintained at 
pji 10-11, and the alkalinity of the cathode compartment (C) was reduced to 
the same value by moans of a stream of carbon dioxide. The activities of these 
solutions and of the anode (A) liquid were assayed as follows. We are greatly 
indebted to Prof. J. H. Bum for making the pressor assays. 

Compartment ... A B C 

Oxytocic units 3 610 47 

Pressor units 2-2*5 1(X)4 — 

Summary. 

1. The ultraviolet absorption sjieetra of ])Osterior lobe extracts and of 
purified hormone solutions, as at present available, are not characteristic of the 
hormone molecule but correspond to the substances which accompany it. 

2. The nature of the spectra and their comparison with those of proteoses 
and peptones lead to the conclusion that the substances accompanying the 
hormone are peptide in character. 

3. The effects of the following adsorbents on hormone solutions have been 
examined — silica gel, aluminium hydroxide Cy, fuller’s earth, acid-treated talc, 
ignited talc, asbestos, purified norite. 

4. The purer hormone solutions available were not purified further by these 
reagents. 
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5. An outline is given of a teehnique in which the concentration under 
diminished pressure and adsorption on a protein-ammonium sulphate precipi- 
tate, commonly used in purifying whole, aqueous extracts of posterior lobe, 
are rt^placed by adsor})tions with fuller's c^arth and norite. 

h. The hormone is inactivated by acetic anhydride. 

7. At reactions more alkaline than pg 8 the hormone remained in the centre 
compartment of an electrodialysis cell, whereas at reactions more acid than 

6 it migrated towards the (cathode. 

8. Electrodialysis under very varied conditions was not successful in raising 
the activity/weight ratio of purified hormone solutions, since removal of the 
proteosc-like substances reduced the stability of the hormone towards alkalis. 

9. Oxytocic and pressor hormones were not separated by (;lectrodialysis at 

10 - 11 . 
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CCLXI. AN ABSORPTION APPARATUS FOR THE 
MICRO-DETERMINATION OF CERTAIN 
VOLATILE SUBSTANCES. 
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WITH APPLICATION TO BLOOD, 

URINE AND TISSUES. 
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iNTRODrCTlON. 

An apparatus has bo(‘n already described for the dek'rminatiori of oertam 
volatile substances [(bnway an<l Byrne, 1933]. It was shown that by its use 
minute quantities of anitnoiiia or urea [Coiway, 1933J could be very accurately 
and simply determined. The a})})aratus consists of a small glass dish with thick 
walls, within which a second chamber is formed by a circular wall of glass 
arising from the floor of the dish to about half the height of the outer wall. The 
dish or “unit ’ with thc^ contained fluids is covered by a glass lid hermetically 
sealed with some flxativr^ such as vaselin, vaselin plus paraffin wax etc. After 
formation in the outer chamber such substances as ammonia, chlorine, carbon 
dioxide etc. can diff use very rapidly into the central chamber where their temsion 
is r(*duced to zero on the surface of an absorbing fluid (for details see previous 
communications. The “units” of standard size are now available from Messrs 
A. Oallenkanip and Co., Finsbury Square, London). 

Th(' principle used in the present micro-determination of chloride consists in 
oxidising the chloride to chlorine gas by a suitable acid permanganate mixture 
in the outer chamber, the chlorine so formed being absorbed by potassium iodide 
in the central chambiu*, where it liberates an equivalent amount of icxlinc. 

The formation of the chlorine gas takes place quite readily at room tempera- 
ture and its absorption is complete in one hour and a half. 

For a ranges of chloride down to Boy the liberated iodine is best titrated wth 
sixlium thiosulphate solution, most suitably by 0d>5A' solution from the special 
burette already described [Conway, 1934]. In this way quantities of chloride of 
the order 0*3-A)*4 mg. chlorine (corresponding to the amount in 0*1 ml. plasma) 
can be determined with a coefficient of variation of 0-5%. 

Over the range 35-7 y (hlorine, an accurate determination of the literated 
iodine is very conveniently carried out by a direct colorimetric method. This can 
be done with great facility and without standards by using the ‘"grey solution” 
of Thiel [1933] (in accordance with the most recent formula as supplied by Leitz, 
in which grounds for previous objections are removed) and a colorimeter provided 
with S{)ectral filters. The “grey solution” has a specific extinction coefficient of 
0*600 ± 0*005 for nearly the whole of the visible spectrum. 

Below 7y chlorine the iodine liberated in the central chamber is determined 
colorimetrioally after adding 0*5 ml. of 0*2 % starch. This colorimetric method 

Biochem. 1935 xxxx ( 2221 ) HI 
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with starch may be used for the whole range below 35y chlorine. It is then 
necessary to use 2 ml. 0*2 % starch. An ordinary colorimeter without filters may 
be used . 

(a) Chloride determination dotvn to 35 y chlorine. 

Method. Into the central chamber of a '‘unit’’ is rim approximately 1 ml. 
of a 20 % potassium iodide solution. Into the outer chamber is introduced about 
0*2 g. of pure potassium permanganate, taking care that none of the grains are 
spilled into the central chamber; this may bo done without any difficulty when 
using a spoon spatula. The quantity of permanganate need be only very roughly 
judged and weighed but once to form an idea of the bulk. 1 ml. of the fluid to 
be analysed is introduced from an Ostwald pipette into the outer chamber. One 
of the square glass lids for covering the unit is now lightly smeared all over its 
surface with the special fixative (s(?e below). The lid is displaced a little to allow 
the introduction of the tip of a pipette. The unit is slightly tilt<^d — most con- 
veniently by resting the unit on another lid — and 1 ml. of a sulphuric acid 
solution containing 24-30 by volume of pure sulphuric acid is run into the 
oute chamber. The lid is immediately fixed in position and the fluid in the 
outer chamber rotated gently about 10 times to ensun' adequate mixing. The 
unit is then left aside on the bench after being first examined to see if it is sealed 
all around — which is evident by the transparency of the contact. If necessary a 
small weight placed on the surfac'c of the lid will ensure this remaining perfectly 
S(ialed. After 1 1 hours the lid is removed and the contcuits of tlu? central chaml>er 
are titrated with 0-05 A thiosulphate from the burette previously described 
[Conway, 1934J, using a drop of starch indicator towards the end. For this 
titration the Bang 2 ml. standard burette may also be used containing OIKloA’' 
thiosulphate, 

A blank det€^rinination with the reagents is carried out at the same time. 

Calculation of the result. After subtracting the blank value, the amount of 
thiosulphate is multiplied by its chlorine equivalent for the determination. This 
latter may be determined with fresh thiosulphate solution by maldng an initial 
duplicate determination of 1 ml. of 0*0141 A' HCl, each ml. of which contains 
0*5 mg. of chloride as chlorine. The burette reading here multiplied by 2 gives 
the figure required for 1 mg. of chlorine. In the 8j)ecial burette [Conway, 
1934] 0*05 A' thiosulphate is used and when made up with a trace of sodium 
carbonate keeps for a long period. (See reagents below.) 

If the thiosulphate is directly standardised by titration of standard iodine in 
20 % KI, the result calculated as chloride is multiplied by 1*03. This factor does 
not arise from the oxidation and absorption of the chloT inc^ not being quantitative 
but is due to a slight diffusion of the liberated iodine from the central chamber. 
The factor 1*03 applies for 1|-2| hours after the addition of the sulphuric acid 
to the outer chamber. (This point is again referred to in the last section.) 

The above method is independent of the presence of protein to the extent of 
1 mg., i.e. 0*1 % in 1 ml. 

If it is found desirable to carry out a determination with greater or lesser 
volumes than 1 ml., the total acidity in the outer chamber should lie between 
12 to 15 volumes % of sulphuric acid. This and other conditions are discussed in 
the last section {d) of the present communication. 

If there is not much organic matter present it may be found more convenient 
to add the permanganate as 1 ml. of the saturated solution to 1 ml. of the 
solution for analysis in the outer chamber. The acid subsequently added should 
be 0*5 ml. of a 60-75% (by volume) of sulphuric acid. 
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Notes on the reagents required, 

1. 20'% potassium iodide. This solution does not rcjquire to be accurately 
made up. It should be stored in a brown bottle and is best made in small 
quantities at a time. A small amount of free iodine will not affect the result since 
it will be allowed for in the blank. For chloride determinations below 35)/ 
chlorine the potassium iodide should however be freshly made up, or at least 
give no perceptible colour when viewed in a thick layer. 

2. 24-30 *^1^ (by volume) sulphuric acid. The purest sulphuric acid should be 
used, 24-30 ml. being run into about 00 ml. distilled water in a beaker and made 
up to 100 ml. after cooling. 

3 . 0* 05 N thios ulphate. This is m ade up in the usual way by dissolving 1 2 • 42 g . 
to make 1 1. of solution. To preserve the solution 50 mg. of sodium carbonate are 
added per litre. 

Potassium permnngaymte . Only the purest material should be used. The 
crystals are ground to a powder in a dean mortar and }>reserved for convenience 
in a small wide-necktHi stoj)j3ered bottle. 

The fixative. This is formed by melting 50 g. of paraffin wax (m.p. 49°) in 
80 ml. of pure liquid paraffin in a beaker and cooling the mixture; more or less of 
solid paraffin may be list'd in accordance with the prevailing temperature of the 
room. The paraffin wax supplied by the B.D.H. is suitable for use, though 
samf)les supplied at higher melting points were not sufficiently free from 
impurities, when carrying out the finest determinations. 

0-2'^ starch solution. The most t^fficient of such solutions found by the 
author is that of Miituianski as descrilied by Kolthoff [1931]. Li this 
method 2 g. of soluble starc’h and 10 mg. mercuric iodide are ground to a paste 
with a little water and poured into 1 1. of boiling water. The solution is clear and 
does not alb'i* over a long period if kept in a brown bottle. 

lies nits of chloride method down to 35 y chlorine. The result.s given in Table I 
show that the amount of iodine titrated at the end of the anal yses is in strictly 
linear relationship to the amount of chloride in the outer chamber. The method 
can deal, practically speaking, with the largest amounts of chloride, but at the 
same time, as above mentioned, it is advisable for convenience in the titration 
that the tiuid be diluted if necessary so that 1 ml. contains not more than about 
0*7 mg. chlorine (or not more than twice the strength of a one in ten blood 
filtrate). Smaller volumes than 1 ml. may also be used instead of this dilution, 
with a slightly reduced accuracy. The total acid strtmgth however in the outer 
chamber should always lie within 12-15 % by volume. 



Table I. 

nmi. on burette 

Amount of chloride 

Amount of chloritle 

Thiopulphate used. 

required per mg. Cl 
(calc, from <udumns 

analysed (millimols) 

analysed (mg.) 

mm. on burette 

2 and 3) 

12*5 X 

00444 

30 

675 


0-0888 

60 

675 

50 

0-1775 

121 

682 

100 

0*3550 

241 

679 

2(X) 

0-7100 

481 

678 

400 

1-4200 

964 

679 


The burette reading# in column 3 are the average of three determinations. The chloride 
was contained in one nu. and analysed in accordance with the method described in text. 


Table II shows the accuracy to bt'. expected for the individual analysis of 
quantities of chloride containing about 0-3 mg. chlorine. It gives the first five 

141—2 
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Table IT. 

Titration with Bang burette, using 
0-005 thiosulphate 

A 

Titration with Conway burette using 
0-05 y thiosulphate 

Amount of 


rug. t-J calc, from 

t 

mg. Cl calc, from 

chloride analysed 
mg. Cl 

ml. required 

thiosulphate equi- 
valent 1-03 

cm. required 

thiosulphate equi- 
valent X 1-03 

0-356 

1-9:15 

0-:i55 

23-8 

0-354 

*» 

1-950 

0*358 

21*0 

0-357 


1-930 

0*354 

23-9 

0-356 

.. 

1-955 

0*358 

23*9 

0:j56 


1-970 

0*361 

2-1-1 

0;{5S 


1 ml. of 0*01 jV iodine (titrated with 1 ml. 20 KI) required 24-6 cm. with the Con way 
burette, and 1‘995 ml. with the Han^r burette. 

The above table gives the result ot five determinations of chloride in 1 ml. O-Ol y HOI, using the 
Bang burette and five determinations using the Conway burette. 

These determinations are the first five in each ease of a long series. For 25 df*tprminations using 
the Conway burette the <*oefTieient of variation found was 0*55 . For 2fi determinations using the 
Bang burette the eoefiioierit found uas 0*76 (in this latter calculation one very aberrant result was 
omitted). 

determinations of a series using the Conway bui’ette and of another series using 
the Bang burette, the amount of chloride used in each determination containing 
0-355 mg. chlorine. 23 of the 25 determinations with the first burette gave results 
wdthin 1*2% of the theoretical, the coefficient of variation being 0-55 for the 
series. 23 of the 26 determinations using th(" Bang burette wx^re \inder 1*3% — 
the coefficient of variation for the scTies being 0-76. 

(6) Micro-diiUtnnimiilon of chloride beloiv 35y chlorine, 

1. Without standards. By the use of more dilute thiosulphate solution the 
titration method can be carried much Iowxt than 35y chlorine. Below tliis l(»vel 
however a colorimetric method will be found more suitable. Tn this the colour 
of the formed iodine may b(' directly examined or firstly treated with starch. By 
the direct examination accurate determinations may be made to 7y chlorine. 
A yellow (colour is not a suitable one for colorimetry of the ordinary kind, but by 
the use of a spectral filter this difficulty is removed. The visual judgment with 
monochromatic light becomes then a judgin(*ut between dark and liglit and not 
between depths of colour. While a standard iodine solution may be us(»d on one*, 
side, we have found it very convenient to usi^ the “grey solution” of Thiel as 
already mentioned. 

Method. In a determination, 1 ml. of 20% potassium iodide is accurately 
d(‘livered into the central chamber of a specially cleaned unit and into the outer 
chamber 1 ml. of the fluid for examination. The lid is smean‘d with the fixative 
and placed in position. Then in accordance with the usual procedure 1 ml. of an 
acid-permanganate mixture is intrcxluced into the outer chamber. This acid- 
permanganate mixture is most suitably formed by mixing equal volumes of 
saturated permanganate and 60% (by volume) of sulphuric acid in the required 
(piantity, (The mixed solution does not keep and should be used only on the day 
of mixing.) Two hours after the addition of the acid permanganate mixture, the 
lid is removed and the iodide in the central chamber pipetted into a micro-colori- 
meter cup and compared with the “grey solution” of Thiel. If the Loitz colour 
filters are used, filter No. 3, allowing light of wave-length in the region 46-Imu to 
pasB^^ is suitable to use. The use of this filter is assumed in the calculation. 

Calculation of the result. The depth of the plunger in the iodide from the 
(central chamber is set at 37*0 mm. and the mm. of **grey solution” on the other 
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side having a corresponding absorption, gives at once the chloride? analysed as y 
chlorine, or parts of chlorine per million. 

Tf the light absorption is inconveniently great a simple subdivision of 37*0 is 
used for the fixed plunger. Thus at about 35y chlorine the plunger is fixed at 
9*25 mm. and at 7 y at 37*0 mm., the result in the former (?ase being multiplied 
by 4. For the best matcliing it will he founrl in general advisable to choose the 
depth of the fixed plunger so that the equivalent depth of the grey solution for 
light absorption does not much exceed JO mm. 

Resulls of method for 36 to 7y chlorine. Table III illustrates the results ob- 
tained by the colorimc'tric nu‘thod described. For a group of sev(‘n determina- 
tions of 35*5y chlorine, the maximum deviation was l*ly or 3*1%. For five 
d(?tcrminations of 7*1 y. the maximum deviation M^as O-fiy, and for 3*55y with a 
group of six it was found to be 0*3y. TIk' table also shows that BeeFs law is 


strictly applicable over the 

CbJoruJe added 

range examined. 

Table HI. 

Maxi mum 
deviation 
of individual 

Iodine in same 
quantity as 
added chloride, 
contained in 

1 ml. of 20% 
iodide. V^aliios 
analysed as 

tu “ urnt ”, Chloride found. 

No. of Coefticienf of 

analy.ses. 

y chlorine 

y eblonn€‘ y chlorine 

analy.ses variation 

y ehlonne 

( xO 97) 

aoo 36H 

7 1-7 

M 

35 *5 

71 70 

n 4 3 

0*5 

7*2 

356 3-6 

2 

U-3 

3-:) 


For the above detenniiiations the pliincer in 1h«' iodide ]>ip(‘<ted fn)m the eentnil ehamber of 
fbc‘ unit set at «n*() inni. or suitable sulwlivision, it bein^^ ad\i«abl(‘ not to hav'e the "‘grey 
solution” reading niueh e.V('eeding 10 inm. The “grey solution” depth in mm. with fixed plunger 
at ;}7-0 gi\e.M at once the y ehlonm* analysed, when Leitz filter No. .‘1 (464 w/ 4 ) is used. 

2. Chloride determination helotc 36y chlorine — usinq starch. The addition of 
2 ml. of 0*2% starch to the iodine in the central cliamber will multiply the light 
absorption, using the same spectral filter, by 7. The imthod is described here 
for chloridt' quantities at and below 7y chlorine and with only 0*5 ml. starch 
addition, in which case the light absorption is multiplied by 14 wlien compared 
with the direct colorimetric method. Where the whole region below 35y chlorine 
is being investigated by this starch method it is necessary to add 2 ml. of 0*2 
starch as already mentioned. 

Method, The method described in the previous section is followed down to tin* 
complete absorption of the chlorine. After the two hours’ absorption, 0*5 ml. of 
0*2% starch is added to tin? fluid in tin* central chamber and mixed, the mixed 
fluhls being then pipetted into a micro-colorimeter cup of 1 ml. capacity. 
Ordinary colorimetric methods with standards may be used. We have, how- 
ever, found it somewhat more convenient to work here also with the ’‘grey 
solution”. The advantage is not as great as before, since owing to the variable 
character of starch solutions a final comparison with a standard cannot be dis- 
IHmsed with. We believe that rather more accurate comparisons may be made 
with its use and it forms an extra control over the results. Using monochromatic 
light as before (Leitz filter, No. 3), leer’s law is applicable in the colorimetric 
analysis with starch down to ly or less of chlorine (see Fig, 1). 

Calculation, The plunger in the starch-iodine from the unit is fixed at 25'8mm. 
(or convenient submultiple) and the reading of the “grey solution” with light of 
wave-length 464 m/i (Leitz filter No. 3) gives an approximate value for the chloride 
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analysed as y chlorine multiplied by 10. A blank determination must be also 
carried out and subtracted from this figiu*e. Since the starch-iodine colour is 
very susceptible to change of conditions and varies with the kind of starch used 
it vp^l be necessary to introduce a correction in the following manner. 0*1 ml. of 
a 0*02 JV stock iodine is run into 10 ml. of the 20 % iodide used in the determina- 
tions. 5 ml. of the starch solution are then added and mixed. Some of the mixture 
is pipetted into a micro-cup and the plunger in the mixture set carefully at 
3*55 mm. The reading of the grey solution gives the required correction factor 



Fi<?. 1. The chloride found (determined from the liberated iodine x 1*03). The rcHult 

obtained using the same colorimetric method with the theoretical equivalent of free iodine 
added immediately to 1 ml. of 20 % potassium iodide. The application of Beer’s law is evident. 
The calculation in text allows for the factor 1*03 and th(‘ constant loss of O chlorine. 

multiplied by 10. The previous result is divided by this factor. To the result now 
obtained 0*25y chlorine is added as a constant correction. It has been found 
with the unit of the present dimensions and using pyrex lids and the fixative 
already described that there is a constant loss of 0*25y chlorine. This is clear 
from Fig. 1 . It would appear that chloride in excess of this quantity must be 
present before free iodine appears in the central chamber. 

Example of calculation. ^ 

'' Grey sol. mm. 

ITaing filter 3 (beitz) 

Plunger at 25*8 mm. in starch and iodide mixture from a determination 15*8 

Plunger at 25*8 mm. in blank 2*9 

Plunger at 3-5 mni. in starch and standard iodine mixture 10*4 

Calculation (1*58 -^0*29) x ™ +0*25 ^^1-49 y chlorine. 

Besults. Table IV gives results which are typical of this method. It will be 
seen that in five analyses of 0*71 y chlorine the maximum deviation was 0*08y 
chlorine The table also gives the values obtained where, instead of the iodine 
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liberated by the diffused chlorine, standard iodine solutions in 20 % potassium 
iodide were substituted, of similar strength to the added chloride. In this case 
the constant addition of 0-25y chlorine to the calculation was not made, and the 
figures were divided by 1*03 to correspond to the usual factor. 

Table IV. Iodine in same 

quantity as 
added chloride, 
contained in 




Chlorine found. 


Maximum 

1 ml. of 20% 



y ehlorine 


deviation 

iodide. Values 



(including 


of individual 

analysed as 

Chloride added 

No. of 

addition of 

Coefticient of 

analyses found. 

y ohloiine 

y chlorine 

analyses 

0-2r>y) 

variation 

y chlorine 

(xO-97) 

7-1 

6 

707 

40 

0-45 

713 

3-55 

6 

3-57 

lO 

0*10 

3*58 

]*42 

11 

1*44 

5-8 

013 

1*38 

0-71 

5 

006 

66 

0*08 

OOO 

Blanks 

8 

0-49 

90 

on 

— 


The ealculatioii of the chloririe analysed is described in text. It may be noted that for the 
calculation of the chloride in the blank determinations 0*25 y chlorine has also been added. 

Ultimate blank values. The blank values following these directions are very 
low (see notes below on method). In 8 blank deteiminations the mean value 
obtained with the plunger at 25*8 mm. in the iodine from the central chamber 
was 3*1 ram. of grey solution or 2*4 mm. omitting the light absorption by the 
starch. This (piantity amounts to 0*24 plus 0*25 or 0*49y chlorine, and the 
maximum deviation from this figure for the eight blanks was ()*lly chlorine. 
It will be seen from Table TV that practically all the variation at these lowest 
regions is due therefore to this variation in the blank value. 

aS’owc notes on the methods for chloride below 35y chlorine. To obtain the best 
results, attention must be paid to the following points : 

(1) The units must bo specially cleaned. After the ordinary cleaning, as 
described in a previous communication [Conway and Byrne, 1933], they are 
treated with a little alcohol and ether and then rinsed a few times with distilled 
water. They are dried as before, merely by exposure after shaking off the drops, 
and in a position where they are protected from dust. After drying they may be 
stored in drawers riwly for use. 

(2) The use of a suitable fixative is most important and the reader is referrexi 
to the note on the fixative at the end of the last section; the lids are best made 
of pyrex glass. 

(3) If the acid-permanganate is free from chloride the blank values by the 
direct colorimetric method will be practically indistinguishable from zero. It 
may be freed from chloride by pouring out into a Petri dish to a depth of a few 
mm. and exposing this to the afr for about an hour or two before the determina- 
tions. When traces of chloride are present in stock acid and stock permanganate, 
allowance can also be made after some initial blank determinations. 

(4) The acid-permanganate must on no account be blown out, and a simple 
tube, drawn out somewhat at the end and marked at 1 ml. approximately is the 
most useful way of introducing the mixture. 

(5) The units during the absorption should not be exposed to direct sunlight 
and are best covered with a light cloth. 

(6) With the starch method the starch solution should be centrifuged for 
five minutes before use. With the plunger at 40 mm. in a mixture of 0*5 ml. of 
starch and 1 ml. of the 20% potassium iodide it should require no more than 1 
or 2 mm. of the grey solution for equal absorption with the No. 3 filter (Leitz). 
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(c) Application to chloride determination in bloody urine and tissues. 

Chloride in blood. The chloride is here determined in protein-free filtrates, the 
most suitable being the tungstate filtrate of Folin and Wu [1919]. Of this 
filtrate 1 ml. is a suitable volume giving in the subsequent titration a reading of 
about 250 mm. on the burette scale used [Conway, 1934], the burette containing 
0*05 N thiosulphak*. The method described for quantities down to 35y chlorine 
may be followed in detail. It may bo found more convenient however to add the 
acid and permanganate together as 1 ml. of a mixture containing equal parts of 
sulphuric acid — 60% by volume — and saturated permanganate. This mixture 
should be freshly made up in the required amount for a group of determinations, 
the acid and permanganate being kept separate as stex^k solutions. A blank 
determination should also be carried out with the reagents in the same dilution. 

Results. To illustrate the method some determinations w'cre carried out on 
samples of rabbit blood (whole blood and plasma). A larg(' amount of tungstate 
filtrate (1 in 10 dilution) was obtained in each case, 1 ml. quantities being taken 
for the present method and 25 ml. for a micro-method in accordance with the 
Volhard principle. In these latter dc'terminations 5 ml. of a 0*1 A" silver nitrate 
solution were added to 25 ml. of a tungstate filtrate in a 50 ml. volumetric 
flask, 10 ml. of concentrated nitric acid were subsequently introduced and the 
mixture was well shaken and allowed to stand for several hours, made up to the 
mark with distilled water and filtered a few times through chlorido-free filter- 
paper. The excess silver was determined in several 5 ml. portions of the filtrate 
by titration with standard thiocyanate from a micro-biirett(‘ with iron alum 
indicator. Blanks were also (‘arried out. Th(^ results of the two methods are given 



TaWe V. 



Silver method. 

“Ihiif' me 

Blood sample 

NaC:i 

\a(; 

Plasma 1 


0-028 

Plasma 2 

n-«25 

0-626 

Whole blood 3 

0-504 

o-r>n 

Whole blood 4 

(►•504 

0-50S 


Each of the “unit” detormination.s is the mean of five on the pr(>t<*iii-frep filtrat(‘. 'I"he other 
res\ilts (silver method) are from the means of four determinations of ih(‘ excess silver lu aliquot 
samples from caeii protein filtrate to which excess silver %vas added with suh8e(|uent filtration. 

in Table V, from which it is clear that they give practically identical results. 
The variable error in determining the blood chloridt' by tin* “unit” method may 
be taken as the same as that for 1 ml. of 0*01 N HCl, namely 0-5 % expressed as 
a coefficient of variation. 

Chloride in urine. The chloride in urine may be determined for convenience 
on 01 ml. of undiluted urine (a somewhat liightT accuracy will be obtained using 
1 ml. of a urine diluted one in ten). The method describtxl for chloride determina- 
tion above 35y chlorine is followed. Into the outer chamber is pipetted 0*1 ml. 
urine from an Ostwald pipette after the addition of a])proximately 0*2 g. of 
powdered permanganate, the acid subsequently added to the outer chamber 
being 2 ml. of 15 % (by volume) sulphuric acid (where 1 ml. of a diluted urine 
is used 1 ml. of 30% sulphuric acid should be added). The remaining procedure 
is the samt* as before, the titration being carried out two hours after the addition 
of the acid. 

Results of Ihe^ method. Whereas one might have expected the chloride deter- 
minations on protein-free filtrates to proceed as with standard solutions, the 
large amount of organic matter in urine would at first appear likely to introduce 
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a disturbing factor. Consequently the recovery of chloride added to normal urine 
and also to strongly albuminous urine was candully investigated. A sample of 
normal urine was taken and scjveral dc'terminations of the chloride contcmt made 
in accordance with the above method. Anothei‘ series was carried out using 
0*1 ml. of the same urine to which was added ]*(>ml. of 0*01 HCl in the outer 
chamber. A third group of det<*rminations was made with 1*0 ml. N HCl. In these 
latter groups the sulphuric ac;id added was I ml. of 30 % (by volume) to bring the 
mixture to the required acidity. The results are summarised in liable VI. 


Table VI. 


Oontcntfi of outer ohamf)t‘r apart from 
oxidisinj' mixture 

01 ml. urine 

01 ml. urine 1*0 nil. 0 01 K HOI 
10 ml. of 0 01 


era. r(‘a(linj? on burette Chloride analysed, 
c rrataiiiing 0-05 thio- Moan value, 

sulphate minas blank values mg. chlorine 


60-3 0-8r>9 

84-8, 84-8, 85-2 l ^lo 

24*8, 24-8 O-.'l.'io 


From the last eolumn 1-215 - O-H.IO, oi 0*356 mg. chlorine has been recuivered, 0-355 havung 
been addeii. 

1 cm. on burette - 0-0143 mg. chlorine 


Table \1I. 


Mean burette No. of 

Contents of outer chamber in addition to reailing nnnuji deterrai- 
oxidising mixture blank nations 

(t'l ml. aliiuininouH urine 48 7 5 

0*1 nil. albuminous urine pb/v 1 ml. O-Ol .V HCl 73-6 6 

1 ml. 0-01 .V HCl 24-8 2 


Chloride 
analysed, 
mg. ehlorine 

0- 697 

1- 054 
0-,355 


From the last column the **r(*covery*‘ of chloride added to urine containing 1*0 protein is 
1-054 - 0 (i97 or t»-357 mg. (-hlorine. 'Fhe chloride added was 0-355 mg. 

1 cm. on burette -0-0143 mg. chlorine. 

Blank Aalue 0-i> cm. 


From thf last column of 1’ablc A’l it will appear that 0-356 mg. of chloride — 
as ehlorine — was recovered, 0-35.5 lu'ing added. The recovery is therefore quanti- 
tative. Similar n-snlts a])pear for the recovery of (-hlorido added to albuminous 
urine. The albuminous urine was preparotl by the ad<lition of whole blood to 
normal urine so that the latter eontainerl 4 % blood or approximately 1 % pro- 
ttiin. The results of this rt-eovery are given in Table \TI. 

The accuracy of the analysin of urinary chloride in 0-1 ml. samples. The 
aeeiimulation of a large number of duplicate analyses makt-s it possible to 
calculatt' accurately the coeffieient of variation of any single determination, 
using the requisite formula. The ivsult is 0-7 and if the mean of duplicates is 
taken the figure is 0-5 % . (It may be not<‘d that the ooefticient for a delivery from 
a 0-1 ml. Ostwald pipette — withmit wiush out — is 0-3% approximately.) 

Chloride in tissues. About 0-2(X) g. of tissue is accurately weighed on a watch 
glass and transferred to a small mortar. For (convenience of calculation the 
tissue weighed may lie in the range 0-190-0-210 g. A small quantity of pure 
quartz sand (Merck) is added to the mortar and from a graduated 2 ml. pipette 
or micro-burette a volume of distilled water which is calculated as follows. The 
weight of the tissue is multiplied by 20 and 2-36 subtracted. This with 0-2 g. 
tissue, for example, will mean the addition of 1-64 ml. (this volume is so 
chosen that the 2 ml. taken from the subsequent fluid cleared by centrifuging 
contain the chloride in 100 mg. tissue). The mixture is thoroughly ground to 
a fine paste, which should require no longer than 2 min. 2-0 ml. of 0-0667 A” 
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sulphTiric acid are^ added and 0*2 ml. of 10% tungstate, the mixture being 
further ground for half a minute. The mixture is transferred to a small centrifuge- 
tube and centrifuged along with a similar mixture from a blank determination 
which will contain no tissue but 1*80 ml. distilled water and the remaining 
reagents as before. 

2-0 ml. of the clear fluid arc transferred to the outer chamber of a unit 
containing about 0*2 g, of powdered permanganate and 1 ml. of 20% potassium 
iodide in the central compartment. The determination is then made in the usual 
manner, 0*5 ml. of a 60^4 volume) sulphuric acid solution being used. The 
units are left aside for 2 hours at room temperature and subsequently either 
titrated or estimated colorimetrically by the method described for chloride in the 
range 35-7 y chlorine. 

Calculation. Using the above method where 0*2 g. tissue is used, the total 
fluid volume is 4*0 ml. and the chloride corresponding to 100 mg. of tissue is 
contained in the 2*0 ml. of the clear fluid after centrifuging. When 0*21 and 
0*19 g. of tissue are used in accordance with the above scheme it may be readily 
calculated that 2 ml. of the clear fluid contain the chloride corresponding to 
99*8 and 100*2 mg. of tissue respectively, which for the purposes of the determina- 
tion are equivalent to 100 mg. 

The chloride equivalent of the thiosulphafr^ used in th(' titration expressed as 
mg. chlorine gives the g. (chlorine per 1(X) g. tissue. 

Where the direct colorimetric method is used, which will be found very 
convenient, the plunger in the iodide is set at 9-2 mm. and the millimetres of 
“grey solution”, using Leitz filter No. 3, multiplied by 4 gives the mg. chlorine 
j)er 100 g. in the tissue. 

Results of method. In this method the content of the tissue in inorganic 
chloride is determined, and it is essential to show that no chloride is concentrated 
on the residual particles to the extent of causing an appreciable en*or in the 
determinations. Inorganic chloride diffuses freely and rapidly from tissues as 
already shown [Conway and Kane, 1934]. With tissues of about 1 mm. thick- 
ness it reaches equilibrium in about 15 min. so that for the particles formed in 
grinding the equilibrium time should be only the fraction of a second. It w*ill be 
sufficient to show therefore that a measured amount of inorganic chloridf* added 
to and ground with the tissue is fully “recoverable”. As an illustration of the 
method and the recovery of added chloride, half a pound of fresh beef muscle was 
procured. A numl>er of samples each about 0*2 g. were analysed in the manner 
described above, with the slight difference that exactly 2 ml. distilled w^ater were 
used in the grinding, the subsequent calculation being therefore somewhat 
different from the above method. Another gi’oup of samples was analysed in a 
similar manner except that instead of adding 2 ml. distilled water, 2*0 ml. of 
0*01 N sodium chloride were added instead, the rest of the procedure being 
exactly similar. A further group of determinations was made on the solution of 
0*01 N sodium chloride used, and also appropriate blank determinations. 

From Table VI 11 it appears that the chloride in the sample of ox muscle 
was 41 mg. chlorine per 100 g. 

According to Table IX after adding chloride solution containing 0*710 mg. 
chlorine and grinding this with the tissue etc. 0*702 mg. chlorine was recovered as 
tlui mt'an of four experiments. This corresponds to a 99 % recovery. The recovery 
of sodium chloride added to beef muscle ground to a fine paste may therefore be 
regarded as quantitative by this method. Further demonstrations of the validity 
of the method in ihe analysis of ionised chloride in tissues would seem un- 
necessary. 
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Table VIII. 



Wt. of beef 

Thiosulphate used. 






sample 

Burette reading in 

Total chloride from Chloride in 100 g. 


mg. 

inm. minvs blank 

beef. mg. chlorine tissue. 

mg. 

chlorine 


205 

26 

0*086 


42 



205 

26 

0086 


42 



205 

25 

0*082 


40 



203 

24 

0*(»79 


39 


Burette factor, 1 cm. ^0*0151 mg. chlorine. 
Total fluid volume in mortar --- 4*36 ml. 






Thiosulphate 

Table IX. 





used, burette 






Wt. of beef reailirig 


Chloride from 

Chloride 


Chloride 

sample 

blank 

1’oial ehloride. 

Ix'cf. 

recovered. 


added. 

mg. 

mm. 

mg. chlorine 

rag. Cl 

mg. chlorine 

mg. chlorine 

202 

236 

0*780 

0*082 

0*698 


0*710 

201 

230 

0-762 

0*082 

0*680 


0*710 

201 

24*2 

0*80tl 

(»082 

0*718 


0*710 

201 

240 

0*795 

0*082 

0*713 


0*710 


Chloride added 0*710 m^r. chlorine and average recovery ^0*702 mg. 


(d) Factors infinencimj the formation and absorptimi of chlorine in the above 

determinations. 

If the conditions are? varied from the above descriptions it is essential to know 
liow changes in these conditions will affect tlu^ rate of formation and absorption 
of the chlorine. The factors determining these rates will therefore be very 
briefly discussed. 

(1) The time -absorption curve at constant temperature. The process of oxida- 
tion by the acid permanganate takes appreciable time so that the curve of 
absorption depends on two factors, namely the rate at which the chlorine is 
formed and the rate at which it is absorbed at unit concentration. The curve is 
nearly linear up to about 60 % of complete absorption as shown in Fig. 2. It may 
be noted that the' absorption of the last few % is very slow compared with the 
initial rate and is not explicable by the decreased concentration in the outer 
chamlxT. Jt is probably due to the slow release of a little dissolved chlorine from 
the fixative. Keeping to the conditions of tlie method described above the 
absorption of the formed chlorine with its consequent iodine formation corre- 
sponds after 90 min. at room temperature to 97*0-97*5% of the chloride added 
to the outer chamlx*r. 

Within the next hour the absorption increases slowly until all the chloride is 
absorbed as chlorine but at the same time there has been a slight diffusion of 
iodine from the central chamber. This iodine diffusion is a constant amount of 
1*2% per hour of the iodine in the central chamber. The net result is that 
from 1 1 to 21 hours after the addition of the acid to the outer chamber the iodine 
present in the central chamber oorresponds to 97*0-97*5% of the theoretical 
equivalent of the chloride in the analytical sample. A fac*tor of 1*03 is therefore 
required in an absolute calculation of the chloride from the thiosulphate. 

(2) The> effect of the permanganate concentration in the outer chamber. Tliis 
effect is shown in Fig. 2. The rate of formation and absorption of chlorine from 
chloride is in practically linear relationship to the permanganate concentration 
in the outer chamber — ^at least from about 2 % downwards. The outer chamber 
in these experiments contained 0-1 ml. of 0*1 iV^ HCl, 1 ml. of permanganate 
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Fig. 2. Curves />, F and 0, represent the chlorino absorptions from the outer chamber containing 
0*1 ml. of (M N HCl, 1 rah of 25 (by volume) sulphuric acid and I ml. of 5, 2, 1 and 0*5 ‘h, 
KMnO^ respectively. Curvet/ is similar, solid iKrmanganatc bcung used and 2 ml. of 12'5‘\> 
(by volume) sulphuric acid. Curve B represents the alisorption of elilorine from 2*1 ml., of 
(ihlorifie water in outer chamber. Curve A represents the fall in percentage value of free iodine 
in the outer chamber introduced before a blank determination (allowance being made for blank 
value). Experiments conducted at room temperature of about 18’. 



Fig. (iurvcM (\ f), F ami F represent the absorption rates of chlorine from the outer chamlier 
eontaining 01 ml. of 0*1 N HCl, 1 ml. of 5% potassium permanganate and 1 ml. of sulphuric 
acio’ of strengtliH (iO, 25, 12*5 and 6*2% (by volume) respectively. Curves A and B are the 
same as in Fig. 2, 
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solution (5, 2, 1 or 0*5%) and 1 ml. of sulphuric acid, 25% by volume (see 
curves i>, E, F and G in Fig. 2). With one of the curves (C) solid permanganate 
was used the volume being made up to 2*1 ml. by using 2 ml. of 12*5% (by 
volume) suli)huric acid. The figure shows also the percentage absorption rate of 
chlorine (curves B) from 2*1 ml. of acidified chlorine water. 

Where excess solid permanganates is used (about 0*2 g. addend to the outer 
chamber) the rate of chlorine formation is but little greater than where the 
concentration of the permanganate in the outer chamber is 2*4%. Water 
saturated with potassium permanganate at 18 ' is about 6% (by voL), but even 
with the small quantity of fluid in the outer chamber appreciable time may be 
taken for full saturation. 

(3) TJie^ effect of varying the acAd cmicentraiion m the ovier chamber. Fig. 3 
illustrates the eflrc‘ct of changing th(» acid concentration. The effect on th(* rate 
of formation of chlorine is here much greater than that caused by changes in the 
KMUO4. The figure shows that when the acid concentration reaches 29% by 
volume of sulphuric acid (8(‘(^ curve C) the absorption of the chlorine in the central 
chamber is veiy similar to that from chlorim^ wati^r (curve B). At the same time a 
fall occurs in th(‘ total quantity absorbed. B(4ow about 15 % sulphuric acid this 
efft‘(‘t becom(\s ru‘giigible — the th(‘or(4ical equivakmt of iodine to add(‘d chloride 
being prcvsent in the inner chamber after two liours (see curve />), allowing for 
the small quantity of iodine diffuKcd <luring this p(Tiod from tlu* 20 % potassium 
iodide. 

It may be iioUkI that for such chloride determinations as here described, 
many other ‘‘redox ’ systems wdth high characteristic potentials were also tried, 
but the acid permanganate wa.s found the most .suitable. 

(4) The effect of the fluid volume in the ouf^r chamber. It w^as shown for 
ammonia d< ‘terminations by the “unit’' method that the percentage absorption 
rate of a given (|uantity of ammonia was, other things being equal, inversely 
pro})oi*tional to the volume of the fluid in which it was contained. After the 
a<ldition of alkali to th(‘> outer chamber ail the ammonia was immediately 
liberat'd as gas, its tension being in inverse ratio to the fluid volume. With the 
chloride determinations however th(‘ absorption rate is much faster than the 
rate of formation with the acid permanganate concentrations used, and the 
amount of chlorim* formed from a given quantity of chloride, under similar 
conditions, is iiidc»pendent of the volume in which it is contained. Consequently 
the absorption rate of chlorine is practically independent of the fluid volume in the 
outer chamber. However, it is found that wdien the volume exceeds about 3 ml. 
the last traces of the chlorine are more slow ly delivered so that it is advisable to 
keej) the volume below this figure, 

(5) The effect of temperature. The determinations previously described were 
conducted at an average room temperature of about 18^. Judging from a few 
experiments where the temptTature was increased to 36° it would appear that 
there was an increase in the velocity of the whole process of 3 or 4 % per degree 
rise in temperature. 

The time for a det(*rmination could therefore be halved by conducting the 
process at 38° instead of at 18°. The fixative described above however cannot be 
employed for this purpose as it becomes too fluid at such raised temperatures. 

On account of the small temperature efiect the time for a determination as 
given above need not be altered if the tempe^rature of the room falls to 14 or 15°. 

(6 ) Effect of changes in the dimensions of the absorbing apparatus. The above 
times and quantities ore for the present standard apparatus of the dimensions 
given in a previous oommunioation [Conway and Byrne, 1933]. If apparatus of 
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different dimensions is used, and we are dealing with chlorine water, the same 
principles would hold as considered for ammonia absorj^tion, namely that the 
absorption rate is j)roportional to the geometric mean of the surfaces and 
inversely to the mean distance between. Where, however, the chlorine is formed 
with comparative slowness as in the above determinations this rate* of formation 
will largely determine the absorption rate, which will be therefore independent to 
a certain extent of changes in the diffusing distances and surfaces. 

Discussion . 

The chloride is oxidised to chlorine at room temperature in the above methods 
and the formed chlorine passes by simple diffusion over a few cm. distance. 
When we consider that it is then converted into its iodine equivalent contained 
in 1 ml. of 20 % potassium iodide (or smaller volume if required, the dimensions 
of the apparatus being suitably reduced) we may believe that the practical limit 
of sensitivity for chloride determinations has been reached for a micro-chemical 
technique. The minutest quantities of chloride — down to ()*5y chlorine with the 
present apparatus — can be very easily and simply deter minted. 

The method has certain important advantages over the Volhard method and 
its numerous micro-modifications, which may be enumerated as follows. 

(1) The end-point is much more satisfactory and the sensitivity of the method 
far liigher for micro-quantities. 

(2) The method does not involve the determination of an excess of added 
reagent such as silver nitrate but the direct determination of the iodine equi- 
valent. 

(3) It is independent of the presence of protein when this latter does not 
exceed about 1 mg. This will mean 1 % of protein when 0-1 ml. is used. 

(4) It is independent of the presence of iodide which is oxidised to iodate. 

(5) When bromide and iodide are present as well as chloride the iodine deter- 
mined in the central chamber is the equivalent quantity for the chloride and 
bromide together. By a slight change in the technique (to be subsequently' 
d(jscrilx?d) the bromide alone may be accurately determined without the least 
interference from large quantities of chloride or iodide. 

Summary. 

1. A method is given for micro-determinations of chloride, in which, using 
the special absorbing apparatus already described [Conway and Byrne, 1933], 
the chloride is oxidised quantitatively at room temperature to chlorine. This is 
absorbed in 1 ml. 20 % potassium iodide contained in the central chamber of the 
apparatus. The iodine liberated in equivalent quantity is titrated with standard 
thiosulphate (most suitably from the burette already described [Conway, 1934]). 

For chloride quantities of about 0-3 mg. chlorine the coefficient of variation 
for a single determination is 0-5 % 

2. Where the chloride analysed is below 35y chlorine, the liberated iodine is 
determined colorimetrically. A method has been described in which without 
using standards accurate determinations are made to 7y chlorine, at which point 
the eoetlieient of variation is 4 to 5% (1*7% being found at 35y chlorine). In 
this method nothing is added to the iodine, the colour of which is directly investi- 
gated. 

3. A further extension of micro-determination of chloride — down to 0*7y 
chlorint — has been described in which 0-5 ml. of 0-2 % starch is added to the 
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1 ml. of 20 % potassium iodide in the centra) chamber at the end of a determina- 
tion. At these lowest regions (0-7 y chlorine) the coefficient of variation found 
was 6-7 % , and was due almost entirely to the variation of the blanli values. For 
eight blank determinations of mean value 049y chlorine the maximum deviation 
was 0* 11 y chlorine. For 1 1 determinations of l-44y chlorine the highest deviation 
was 0- 13y . With 0*7 y chlorine there is no difFieulty in making a sharp colorimetric 
comparison, the light absorption being still quite strong, the fluid from the 
central chamber having in fact an extinction coefficient of 0*13 for light of wave- 
length 464rw/x. 

4. The method is independent of the presence of iodide. Bromide if present 
may be readily removed or sepai'ately determined by a slight alteration in the 
technique, to be subsequently described. 

5. The method is independent of the presence of protein when this does not 
exceed about 1 mg, in the amount analysed. 

0. Applications of the method to the micro-determination of chloride in 
blood, urine and tissues an* described. The blood chloride is determined in 1 ml. 
of a tungstate filtrate ((1*1 ml. blood), the coeffituent of variation being 0*5%. 

7. The urinarj^ chloride is determined in O-l ml. urine or 1 ml. of a diluted 
urine. The coefficient of variation is 0*7% for 01 ml. urine. The “recovery’' 
of added chloride is quantitative. The method is shown to be independent of 
prot(*in in the urine up to 1*0% approximately. This is demonstrated by the 
quantitative* recovery of chloride added to albuminous urine. 

8. The tissue chloride is dekTmined in 0*2 g. samples, the “recovery*’ of 
chloride added to ground <»x muscle being demonstrated as quantitative (99%), 
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CCLXII. THE SYNTHESIS OF RESERVE 
CARBOHYDRATE BY YEAST. 

11. THE EFFECT OF FLUORIDE. 

By RACHEL ANNE McANALLY and IDA SMEDLEY-MacLEAN. 

From the Biochvmical DejXirtmcntf Lister histiiuie, Londo^i, S. IV. 1. 

(Receiml July 19th, 1935.) 

When studying the incubation of yeast in glucose solutions to which phosphate 
had been added we found in one series of experiments a low glycogim content 
which was difficult to reconcile with the results of other experiments apparently 
carried out under similar (Conditions. Subsetpient investigation revealed that 
the alkali phospliate used in thest^ ]3arti(‘ular experiments was contaminated by 
a considerable amount of fluoride. We were thus led to make a stud}^ of the 
effect on glycogen storage of the addition of sodium fluoride at dift’cTent con- 
centrations to the glucos(i and maltose media in which the yeast was incubated 
both in the presence and absence of added phosphate. 

The method of experiment was similar to that already described by us f 19.‘15 ]. 
In order to be able to compare a larger number of media using the same sample 
of yeast, the experiments were carried out on a smaller scale, 2 g. of yeast being 
iiuuibated in 125 ml. of the various solutions to be tested: the only estimations 
made were those of the glycogen content of the yeast and of tlu" amount of 
reducing sugar which had ciisappeared from the medium. 

The concentrations of sodium fluoride compared were in most experiments 
O-Ol % (0*0024 il/), 0*02% (0*0048 if) and 0*03% (0*007 li/); intermediate and 
somewhat greater concentrations were also used in a few eases. 

The effect of the addition of fluoride on glycAHferi storage. 

When yeast was incubated in a 5% solution of glucose or maltose at 25® 
the addition of even 0*01 % NaF to the medium caused a marked inhibition of 
glycogen storage ; after addition of the fluoride to a 5 solution of ghn^ose or 
maltose, the glycogen content of a similar sample of ^\'east incubated in either 
medium was identical, although without this addition the maltose produced 
much more glycogen. If however 0*05% phosphates was also addcnl to the 
medium the effect of the fluoride was considerably modified. The addition of 
0*01 % NaF to the glucose-phosphate medium did not diminish but markedly 
increased the amount of glycogen stored : with further increase of the fluoride 
concentration to 0*03% the glycogen content steadily diminished. 

In Fig. ] the amounts of glycogen stored by 10 g. yeast after incubation in 
the sugar solution are plotted against the concentration of fluoride. The varia- 
bility of different samples of yeast obtained on different days from the same 
brewery has already been pointed out [1935J and it happened that in most of 
these experiments the glycogen content of the yeast after storage in the glucose- 
phosphate medium was unusually low and the stimulating effect of the fluoride 
was inarked: in the only sample which after incubation in the glucose-phosphate 
medium gave a high glycogen value, the increase usually produced by the 
fluoride was not apparent. 


( 2236 ) 
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With the samples used for incubation in the maltose-phosphate medium, 
glycogen storage was j^articularly eftioient, sliowing a marked increase over the 
values after incubation in the pure maltose medium : the addition of 0-01 % NaF 
to the maltose-phosphate medium caused no further increase of glycogen storage 
but sometimes a diminution. The addition of 0-01 % NaF to the pure maltose 
medium however always produced a marked diminution of glycogen content; 
increase above (>*01 % of the Huorido produced a diminished storage both in the 
presence and absence of phosphates. 



Fig. I . A, maltose -f O 10 % PO^; B, maltose + 0*05 % P< > 4 ; (\ glucose + 0-10 % PO 4 ; 
/>, glucose 4- 0‘05 % PO^; B, glucose; F, maltose. 


Since the action of the phosphate seemed to a certain extent to inhibit the 
action of the fluoride, we carried out a series of ex|)eriments in which the effect 
of increased phosphate concentration in the presence of fluoride was observed. 
The significant rise in glycogen when 0*01 % fluoride was added to the glucose 
medium containing 0*05 % phosphate was not always apparent when the phos- 
phate concentration was doubled. In the maltose media, increased phosphate 
concentration, in comparable experiments, showed a diminution of the effect 
of fluoride in lowering the glycogen content. After incubation in the glucose- 
phosphate medium, the increase in glycogen storage at a low fluoride concen- 
tration (Fig. 1) folloTfed by a decrease at higher fluoride concentrations may be 
explain^ on the assumption that two inhibitory processes are at work, one 
Btochem. 1935 xxix 142 
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Table I. Glycogen per 10 g, of original yeast as g, of glucose. 


After incubation in After incubation in 



After incubation in 

6 % glucose solution 

no 

glucose +0*05% 
FO 4 solution 

A. 

3 % 

glucose + 0*10 
PO 4 solution 

. 

0 / 

.0 

% NaF.., 

. 0 00 

0-01 

002 

0-03 

O-CKt 

001 

0*02 

0*03 

O+K) 

0*01 

0*02 

0*03 

No. 













1 

— 

— 

— 


0*51 

0*86 

0-64 

0*48 


— 


— 

2* 



— 

— . 

0*32 

0*77 

0-66 

0-53 

— 


— 

— 

3 

— 

— 



0*25 

0*39 

0*39 

0*34 

— 

— 


— 

4 

— 



— 


045 

0*55 

040 

0*36 

- 



— 

5 

0-42 

0-37 

0 31 

0 27 

— 


— 

— 

0 59 

0*74 

0*71 

0*60 

6 







0-36 

0«9 

041 

0*37 

0*36 

0*46 

041 

0*34 

7 


- 





0*54 

0*65 

035 

0*32 

0*69 

0*67 

0*65 

0*67 

8 

0-55 

0-29 

0-25 

0-21 

till 

105 

" 

— 

10*86 

0*91 



Means 

(^48 

0-33 

0-28 

0*24 

040 

0*05 

047 

0*40 

0*55^ 

0*62" 

0*59 

Ooo” 






After incubation in 

After incubation in 


After incubation 

in 

o 

maltoHc + 0*05<*,, 

ft t) 

0 

maltose +0*10% 


O /Q 

maltose solut ion 


I’Oi .solution 



FO 4 solution 


% NaF.. 

. '(MX) 

0*01 

002 

003 

OtX) 

0*01 

0*02 

0*03 

0*00 

0*01 

0*02 

0 * 03 ' 

No, 













3 

0-69 

0-26 

0-21 

012 

— 

— 

— 

— 



— 

— 

9 

082 

0 51 

0-29 

0-30 

104 

1*00 

0*82 

OoO 

— 

- 



4 

— 

— 

— 

— 

0*90 

0-74 

(cr)7 

0*39 


-- 


- 

10 

tO-79 

0*37 


— 

1-02 

0 64 

0*80 

065 

t— 

1*02 

1*02 


11 


— 

— 


1-75 

1*77 

1*30 

J *00 

2*07 

1*99 

1*77 

1*56 

12 

— 

— 


— 

1-32 

0*99 

0 84 

0 65 

1*52 

1*57 

1*27 

1*04 

Means 

(>•75 

0*38 

”0*25~ 

0 -21* 

1*21 

1*03 

0*87 

’ 0*64 

“ 1:79 

1*78 

1*52 

3*30 


* Measurements were made at NaF concentrations of 0*(X)5, O the results 

given were read off from a curve. 

f Incomplete senes not included in calculation of means. 


inhibiting the synthesis, the other the breaktlown of glycogen. At low concen- 
trations of fluoride, the breakdown would seem to be most affected whilst at 
higher concentrations the inhibition of breakdown is couutt^racted by the 
inhibition of synthesis. 

Further the fact that no such prcJiminary rise in the glycogen coritont occurs 
after incubation in the maltose- phosphate medium at a concentration of 0*01 % 
NaF may be explained by assuming that the inliibition of glycogen synthesis is 
proportional to the rate of synthesis. The amount synthesised being greater in 
the maltose than in the glucose medium, the diminution in the amount of 
glycogen synthesised when fluoride is added will b(i greater in the maltose 
solution. Thus if the rates of decomposition of glycogen are the same in both 
media, it is possible that at a concentration of O'Ol NaF, in tlie glucose- 
})hosphate solution, the increase duo to the inhibition of decjomposition is greater 
than the decrease due to the inhibition of synthesis and a rise in the curve takes 
place, whilst in the maltose-phosphate solution, the inhibition of synthesis is 
equal to or greater than the inhibition of breakdown of the glycogen and the 
curve remains at a constant level or falls. 

The infiuence of the addition of phosphate and fluoride on the 
total amount of sugar fermented. 

It is noteworthy that in all experiments in which incubation in the medium 
has been continued for 48 hours the sugar which has disappeared from the 
medium when the same sample of yeast has been incubated in glucose and in 
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glucose-phoBphate media respectively has always been greater in the phosphate- 
containing medium. This is particularly interesting since no such difference 
seems to have been observed in experiments of shorter duration. Apparently 
on prolonged incubation phosphate exercises a beneficial effect on the fermen- 
tation of glucose by living yeast. With maltose however no such difference was 
ai)parent. 

Both for maltose aiid glucose the addition of fluoride to the medium 
diminished the amount of sugar removed by the yeast cell, but the effect was 
largely counteracted by the addition of phosphate to the media, 0-] % phosphate 
being more effective than 0-05 Tht^ results of these experiments are given 
in Table II. 


Table IF. y, sugar up hi/ 2 y. of ymsl in 2 dnys in 125 niL of medium. 






r.o 

<> 

gliHvose i 0-05 

0 

5‘\, 

glucose + 0-10 

iO/ 

/O 

•’ /») 

gliu-oso s(jlutioii 


1*04 so1utif>n 


P()4 solution 

NaF... (KK» 

O-Ol 

0-02 

0-03 

0-(X3 

0-01 

0-02 

0-03 

0-00 

O'Ol 

0-02 

0-03' 

No. 












2* 




6 20 

5-91 

5-54 

5-(>l 


... 

.... 

— 

3 



- 

6-19 

5-70 

5-31 

4*75 

— 

— 

— 

— 

4 

— 

— 


6-l(( 

5-55 

5-00 

4*38 


... 


— 

5 5-r)P 

3-85 

2-H7 

2-37 



— 


5-95 

5-85 

5-50 

5-50 

r> 


-- 


6-19 

5*91 

5-46 

4-90 

0-10 

6-01 

5-96 

5-94 

7 — 

— 


- 

5-89 

4-01 

3-61 

3-50 

5-7 1 

5-46 

.5-10 

4*91 

S 3-4 S 

2*25 

1 31 

(»-95 



— 




__ 

— 

12 t3*50 



— 



— 

__ 


— 

- 

— 

13 t4-75 






15- 75 

„ 










14 t4 19 


•• 

-- 

14-87 


-- 


- 




Means 4-53 

3-05 

2(H3 

1 -(io 

6-09 

5*42 

4-9H 

4-52 

5~93 ~ 

5-77 

5-52 

5-45 





-to 

malt(»se 4-0*0," 


KO 
*> /<) 

maltose +0-10 % 

r, {> 

maltose solution 

PO^ solution 

PO4 solution 


NaF... (MK) 

(HU 

002 

0-03 

0-0(» 

0-01 

0-02 

0-03 

0-(X) 

0-0 1 

0-02 

0-03 

No. 

3 5-59 

4-17 

3-06 

2-31 



. .. 


» _ 

„ 





9 5-54 

4*12 

3-2.5 

2-55 

.1-64 

.5-14 

4-59 

3-92 


... 

— 

— 

4 

— 


— 

5-51 

5-2r> 

4-3S 

3-94 


— 

— 

— 

10 t*'^**^" 

4-23 


... 

5-47 

.5-06 

4-50 

4*15 

t- 

5-.37 

.5-38 

— 

11 



__ 

4-31 

4-27 

3-15 

2-31 

4-19 

4-25 

4 20 

3-79 

33 

--- 



f3-72 




— 

-- 

- 

— 

Meaiia 5*50 

4-29 

3-15 

2-43 

rr^i 

4-93 

4-15 

3-58 

”4-19 

4-25 

4-20 

3-79 


* Measurements were made at NaF concentrations of 0-005, 0*015, 0*025, 0-035 the result 
given were road off from a curve. 

t Incomplete scries not included in calculation of means. 


Variations in the wet xeeighi of the pressed yeast after incubaiion. 

Table III shows the mean wet weights of 10 g. of tlie original yeast, filtered 
on a Biichner fuimol under as far as possible similar conditions, after incubation 
in the various media. The values for individual experiments in any given 
medium were found to agree surprisingly well : further there appeared to be a 
correspondence between wet weight and total carbohydrate content of the yeast. 

In view of the recent discussion as to whether a constant amount of water 
is held per g. of glycogen in the liver [Bridge and Bridges, 1932; Puckett and 
Wiley, 1932 ; Mackay and Bergman, 1932 ; 1934] it seemed of interest to compare 
the wet weights with the amounts of glycogen and total carbohydrate they 
contained* After incubation in any carbohydrate medium the ratio of the wet 
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Table III. 


Mean total 



Mean 
wet wt. 
of JOg. 
original 

carlx»- Mean 

hydrate glycogen 
per 10 g. per 10 g. 
of original of original 

Mean 
wot w( ./ 
Mean 
total 

Mtian 
wet wt./ 

No. of 


yeast 

yeast 

yeast 

carbo» 

Mean 

exj^ri- 


g- 

* g- 

g- 

h 3 '^draie 

glyrogen 

merits 

Original yeast before incubation 

10-0 

0-59 

0 - 2 G 

10-9 

38-5 

8 

Incubated in 

5% glucose for U days 

8-0 

0-00 

0-35 

8-9 

22-9 

8 

5 % glucose for 4 days 

6-9 

0-80 

0-38 

8-6 

18-2 

7 

5% glucose for (> days 

5-8 

0-64 

(►-27 

9-1 

21 -5 

4 

5% glucose + POj fur 2 days 

11-9 

1-24 

0-66 

9-6 

18-0 

4 

5% glucose + PO 4 for 4 days 

10-8 

1-31 

0-81 

8-2 

13-3 

3 

5 % maltose for 2 days 

10-5 

1-33 

0-73 

7 9 

14-4 

3 

maltose 4 PO 4 for 2 days 

12-3 

1-67 

(►•83 

7-4 

14-8 

4 

.5 glucose + PO 4 + 0-035 % 

10-2 

J -02 

0-24 

K^-O 

42 5 

3 

NaF for 2 days 

5 ‘jo glucose H- T’O,, 4 0-035 ‘J., 

9 9 

1-(W 

0-30 

9-2 

33-0 

4 

NaF for 4 days 

5 ‘jo glucose -f PO 4 4 0-035 % 

K^-l 

J-20 

(►•24 

8-4 

421 

4 

NaF for 6 days 


weight of yeast to the total carbohydrate is surprisingly constant, but the ratio 
of wet weight of yeast to glycogen content varies widely. The numbers so 
obtained for the original yeast (taken directly from the wort) are nearly double 
those after incubation in the carbohydrate medium. It would appear therefore 
that the original yeast which had been growing in a nitrogenous medium, when 
transferred to the non -nitrogenous medium loses some substance other than 
carbohydrate which holds a considerable amount of watc^r within the coll, but 
that after incubation for 48 hours in carbohydrate media the wet weight is 
chiehy dependent on the carbohydrate content of the yeast. As we were not 
concerned with this question whcji we planned our experiments we did not 
always take specimens for the determinations of the dry weights and it has not 
therefore been possible in a large number of the experiments to calculate the 
actual water content. Such data as are available show that the differences in 
dry weight are almost entirely accounted for by the changes in carbohydrate 
content. According to Daoud and Ling [1931] the insoluble cell carbohydrates 
consist largely of glycogen esters and Willstatter and Kohdewald [1934] have 
shown that in the liver part of the glycogen remains bound in the cell in com- 
bination with protein. It is possible therefore that the water held would bear 
a closer relationship to the glycogen content of the cell if any glycogen present 
in combination in the coll wore also contributing to retain water. 

SUMMABY, 

1. Yeast was incubated in glucose, maltose, glucose-phosphate and maltose- 
phosphait^ solutions, and sodium fluoride added in concentrations ranging from 
0 0024 to0 0071ilf. 

2. Addition of fluoride to the glucose or maltose solutions always caused 
marked inhibition of glycogen storage. 

3. Addition of 0*0024 Jf fluoride to the glucose-phosphate medium caused 
a marked increase in the storage of glycogen ; with further increase in the con- 
centration of fluoride the glycogen content fell. The effect of the fluoride in 
diminishing the glycogen storage after incubation in maltose-phosphate solu- 
tions was never marked at low concentrations but increased at higW conoen- 
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trations: no actual increase of glycogen such as that shovm in the glucose- 
phosphate medium on the addition of 0'0024J/ fluoride was observed. An 
explanation is offered on the assumption that the effect of the fluoride is to 
inhibit both the synthesis and breakdown of glycogen in the cell. 

4. In fermentations lasting 48 hours, addition of phosphate to glucose solu- 
tions inertjased the amount of sugar decomposed but produced no similar effect 
when added to maltose? solutions. 

5. Addition of fluoride to the media diminished the amount of sugar which 
underwent decomposition, the efteef being largely counteracted by the addition 
of phosphate. 

6. There appears to be a definite correlation between the wet weight of the 
yeast and its total carbohydrate? content. 
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CCLXIIL THE INHIBITORY ACTION OF 
ESERINE UPON CHOLINE-ESTERASE 
IN VIVO. 

By maxwell SHAW JONES^ and HENRY TOl).^ 

From the Royal Edinburgh Hospital for Mental and Nervous Disorders. 

[Received July 25thy 1935.) 

Loewi [1921] showed that on stimulation of the vagus supply to the frog's heart* 
a substance, indistinguishable from acetylcholine, could be demonstrated in 
minute amounts in the fluid filling the heart. More recently Dale [1934] and 
Dale and Feldberg [1934] have been able to demonstrate that parasympathetic 
impulses in the peripheral nervous system are transmitted by the liberation of a 
substance which they have definitely identified as acetylcholine. Further, it has 
been shown [Feldberg and Gaddum, 1934; Feldberg and Vartiainen, 1935] that 
stimulation of the pre-ganglionic fibres of the superior cervical ganglion of the 
cat causes the liberation of acetylcholine in the immediate neighbourhood of 
the ganglion cell, and this appears to be responsible for the transmission of the 
impulse to the post-ganglionic fibres. 

Feldberg et al. [1934] have shown that a stimulus to the splanchnic nerves 
is chemically transmitted to the effector cells in the suprarenal medulla by 
the liberation of something indistinguishable from acetylcholine and is, in all 
probability, the direct stimulant of the medullary cells to secrete adrenaline. 
Thus the importance of acetylcholine as a humoral transmitter of parasym- 
pathetic efiects and, in some instances, also of sympathetic impulses has been 
fully demonstrated. It has been shown by Loewi and Engelhart [1930] that 
acetylcholine is destroyed in the body by an agent of an enzymic nature. This 
point has been investigated by Stedman and Stedman [1931] who have called 
this enzyme choline-esterase and suggested that its action is specific. It has 
been shown further [Stedman and Stedman, 1932; Loewi and Navratil, 1926; 
Matthes, 1930] that esorine inhibits in vitro the action of choline-esterase upon 
acetylcholine whereas pilocarpine [Stedman and Stedman, 1931] does not. 

In the present paper the choline-esterase is measured by a modification of the 
method described by Stedman and Stedman at the Glasgow meeting of the 
Biochemic^al Society over a year ago, and published by them in another paj>er in 
this number of the Biochemical Journal. The method is based on that of Krebs 
and Hensclcit [1932], but using the Barcroft differential manometer. It depends 
on the evolution of COg from physiological salt solution by the acetic acid split 
off from the acetylcholine used as substrate. The experimental details are as 
follows : 

One mi. of a 1 : 5 dilution of blood serum is placed in the reaction flask to- 
gether with 1 ml. of the physiological salt solution and in the control flask 2 ml. 
of the salt solution. In the side-bulb of each fleisk is placed 1 ml. of a 2-5 % solu- 
tion of acetylcholine chloride in distUled water. The apparatus is filled with a 
gas mixture of 95 % i\ and 5 % COg composition and is then shaken very gently 

’ Walter Smith Kay Research Fellow, University of Edinburgh. 

' Bioc hemist. Royal Edinburgh H(3spital. 
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in a thermostat at 37® until equilibrium is attained (about 10 min.). The 
taps are then closed and the acetylcholine solution is added to the main 
flask. The apparatus is shaken at about 120 oscillations per minute and readings 
of the manometer are taken at 2^ minute intervals. The activity of the serum is 
then calculated from the formula : 

In this formula, h is the difference of levels in mm. for the time interval T in 
minutes, on the straight line portion of the curve when h is plottfjd against T ; P is 
the barometric pressure ; c the concentration of the serum and k the constant for 
the apparatus found by the Miinzer and Neumann [1917] method, quoted by 
Dixon [1934]. Th(^ unit thus represents fj}. CO 2 per minute per ml. of serum, the 
volumes being correct(*d for pressure but not for temperature as they are all 
estimated at 37®. 

With a view to demonstrating this inliibitory action of eserine in vivo a 
group of 12 cases was takeiii, the conditions standardised as to diet, all drug 
treatment was discontinued, and all cases were investigated while in bed. 5 ml. 
of venous blood were removed and a subcutaneous injection of eserine sulphate 
grs. 1/50 then administered. A further 5 ml. of blood was removed when a 
definite physiological response to the drug had been obtained. There was in some 
cases an initial loweiing of the blood presstin* and slowing of the pulse but this 
was in most cases followed by a rise of pulse rates and blood pressure, and in 
4 cases vomiting occurred. Table 111 shows the variation in blood pressure and 
pulse rate from the initial values at the time when the second sample of blood was 
drawn. The times elapsing between the removal of the 2 specimens of blood 
varied from 10 to 35 min. The results obtained bv using eserine are given in 
Table 1. 

As pilocarpine stimulates the parasympathetic, but not by the inhibition of 
choline-esterase, it appeared to furnish an ideal method of control. The same 
procM'dure as described above was adopted on the day following the eserine test, 
this time using pilocarpine nitrate grs. 1/10. The blood pressure did not vary to 
any marked extent from the initial reading but there were, in most cases, a 
definitt^ rise in the pulse rate and salivation, while all cases showed sweating. 
The control figures are shown in Table 11. Further, as the rise of blood pressure 
found in several of the cases after injecting eserine may have been partly the 
result of an adrenaline response (8ollmann [1932] states that eserine increases the 

Table T. Response to eserine. 

Choline- esterase 





Before 

After 


Case 

Age 

Diagnosis 

eserine 

eserine 

Variation 

1 

62 

Paranoia 

99 , 

81 

~18 

2 

38 

Schizophrenia 

78 

66 

-12 

3 

48 

Agit. depression 

81 

68 

-13 

4 

56 

Jnvol. melancholia 

26 

19 

- 7 

5 

62 

Agit. depression 

75 

56 

-19 

6 

47 

Invol. melancholia 

66 

56 

-10 

7 

21 

Melancholia 

70 

54 

-16 

8 

18 

Melanch. stupor 

53 

55 

-+• 2 

9 

41 

Anxiety state 

80 

63 

-17 

10 

37 

Anxiety state 

81 

68 

-13 

11 

44 

Paranoia 

54 

44 

-10 

12 

66 

Diss. sclerosis 

93 

78 

-15 


The limit of experimental error is of the order of 2 units. 
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Table II. Response to pilocarpine. 

Choline-ostcrase 




Before 

After 




Case 

drug 

drug 

Variation 



1 

110 

111 

4-1 



2 

88 

87 




3 

76 

78 

+ 2 



4 

26 

25 

- 1 



5 

82 

82 

0 



6 

71 

71 

0 



7 

61 

61 

0 



8 

52 

51 

-1 



9 

82 

80 

_ 2 



10 

78 

78 

0 



11 

49 

49 

0 



12 

92 

99 

4-7 




Table III. 

Response to eserine. 




Alteration 

in pulse 

Alteration in 

B.P. 

Time in 

Case 

A 


A 


min. 

r 

' ' ^ 

f 


1 

120 

104 

228/125 

218/120 

20 

2 

54 

52 

120/70 

1 10/70 

20 

3 

78 

82 

11670 

110/70 

15* 

4 

80 

90 

128/78 

140/92 

35* 

0 

90 

94 

180/110 

175/115 

20 

0 

80 

08 

132/82 

120/75 

15 

7 

90 

126 

125/75 

140/90 

20* 

8 

56 

62 

110/65 

116/75 

10 

9 

50 

62 

105/70 

112/65 

20 

10 

60 

60 

120/70 

115/65 

20 

11 

70 

70 

132/85 

128/82 

20* 

12 

64 

78 

125/105 

130/98 

15 


* Vomiting. 


Table IV^. Response to adrenaline after fifteen minutes. 

Choline-esterase 



Alteration in pulse 

Alteration in b.p. 

Before 

After 


^■ase 

1 




A 





f 





2 

3 

78 

84 

115/76 

120/80 

67 

77 

4-10 

4 

84 

96 

132/78 

140/78 

13 

14 

+ 1 

5 

92 

94 

160/105 

132/72 

184/110 

66 

66 

0 

6 

86 

87 

112/62 

68 

68 

0 

7 

88 

94 

132/80 

138/80 

75 

75 

0 

8 

58 

74 

108/60 

130/45 

48 

56 

+ 8 

9 

5(1 

60 

108/58 

114/56 

76 

83 

+ 7 

10 

62 

66 

120/68 

130/60 

80 

80 

0 

11 

76 

90 

140/85 

162/90 

54 

61 

■r7 

12 

68 

72 

138/90 

145/78 

84 

84 

0 


adrenalino output in contrast to pilocarpine) it seemed desirable to control the 
same group of eases with adrenaline. This was done, using ra, 7 of a 1 : 1000 
solution of adrenaline hydrochloride, and the results obtained are given in Table 
IV. Two <;ases were not investigated as, in one case, the patient objected to 
further interference, while in the other (Case 1) the blood pressure was considered 
to be dangerously high. 
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Summary. 

1. It has previously been shown in vitro that eserine inhibits the action of 
choline-estera8(i on acetylcholine and that pilocarpine, though acting in a some- 
what similar manner by producing parasympathetic response, nevertheless does 
not do so by inhibiting cholino-csterase. 

2. That these facts obtain in vivo has been shown by us. 

3. Adi’cnalim^ in an amount sufScient to produce definite alteration in the 
blood pressure, caused no lowering of the choline-esterase activity. 

4. The above facts c'orroborate the theory that eserine acts on the para- 
sympathetic by virtue of its inhilntion of cholinc-osterase, leading to a prolonga- 
tion of the action of acetylcholine present. 

We wish to acknowledge our indebtedness to Prof. D. K. Henderson for 
providing us with facilities for carrying out this work, to Messrs E. Merck and Co. 
of Darmstadt for a generous supply of acetylcholine chloride and to The Medical 
Research Council for a ]K‘rsoual grant to one of us (H. T.). 
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CCLXIV. THE EFFECT OF 2:4-DINITROPHENOL 
UPON CALCIUM, CREATINE AND CREATININE 
EXCRETION IN THE RAT.^ 

By LEONARD IRVING PUGSLEY. 

From the Department of Biochemistry , McGill University y Montreal, 

{Received July ISthy 1935,) 

It has been shown by a number of workers that nitrated phenolic compounds 
have a marked stimulating effect upon metabolism. The literature has recently 
been extensively reviewed by Dodds [1934] and Tainter and Cutting [1934]. 
The effect seems in no way to be attributable to thyroid stimulation and in 
general is decidedly different from the effect of thjnroid administration. It has 
been shown by Pugsley et al, [1934] that the administration of desiccated thyroid 
or thyroxine causes a marked creatinuria and an increased faecal excretion of 
calcium in rats. This is also true of the thyrotropic hormone of the anterior 
pituitary [Collip, 1934]. The observed increased excretion of calcium confirms 
the clinical studies of Aub et al, [1929] and Hansman and Wilson [1934] on 
hyperthjrroidism . 

In view of these facts it seemed of interest to investigate the effect of 
2:4-dinitrophenol upon calcium excretion and simultaneously to study the effect 
upon creatine and creatinine excretion. 

Methods. 

The diet, feeding of the animals, and analytical methods were the same as 
those previously reported by Pugsley ei al, [1934]. During the experimental 
period the dry 2;4-dinitrophenol was intimately mixed with the diet. Some 
difficulty was encountered at first in getting the rats to consume their usual 
amount of food; however, with the increased metabolic rate which ensued this 
obstacle was soon overcome. The rats did ’not appear as ravenous as in the 
previous work on feeding desiccated thyroid. The creatine and creatinine excre- 
tions were followed on the same rats as the calcium studies. 

Results, 

The effect of feeding 25 mg, of dinitrophenol per rat daily upon the calcium 
excretion, calcium balance and metabolic rate is shown in Table I. The values 
represent the average of 8 rats. After a preUminary period of 8 days the dinitro- 
phenol was given for 26 days and then withdrawn and the rats allowed to 
recover. The faecal calcium was increased to approximately twice its control 
level within 10 days and remaiaed at this high level during the feeding of the 
drug. The calcium excretion in the urine was not significantly altered, except 
on withdrawal of the dinitrophenol when a slight increase occurred. The calcium 
balanoe is shifted from a positive value of 1 mg. daily during the control period 

^ A ptelimiiiaxy acooimt of this work was reported at the meeting of the Eoyal Society of 
Canada, May 1935. 
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Table I. The effect of dinitrophenol upon the calcium excretion 
of adult rats {8 animals). 




Urine Ca 

Faecal Ca 

Ca balance 

— 

in Oj con- 

Treatment 

Days 

mg./day 

mg./day 

rag./day 

sumption 

Control period 

o 

0-03 

2-64 

+ 0*93 


4 

0(»3 

2*.67 

4-1*00 

— 


6 

0(»2 

2-()6 

4 0*93 

— 


8 

0-03 

2-36 

-^1*21 

0 

26 mg. dinitrophenol daily 

10 

()'0S 

2*64 

4-0*46 

•— 

from the 8th day until 

12 

004 

24)7 

-0*41 

— 

the 34th day 

14 

003 

410 

-0*83 

— 

16 

0-02 

Crm 

-2*07 

4 85 


18 

0-01 

406 

-2*23 

— 


20 

001 

4*71 

-1*97 

— 


22 

0*02 

6-24 

-3*64 

+ 77 


24 

0*02 

6*57 

-2*97 

— 


26 

0*03 

6- 16 

-2*36 

— 


28 

0*04 

6*10 

-2*66 

— 


30 

0 03 

5(K) 

-2*21 

+ 30 


32 

002 

6-50 

-3*24 



34 

0*01 

5*7.5 

-3*72 

— 

Dinitrophenol discontinued 

36 

003 

4*45 

-1*72 

— 

38 

0-35 

2*76 

+ 0*49 

— 


40 

0-40 

2*62 

+ 0*58 

— 


42 

0-40 

2*62 

4-0*58 



to a negative value of mg. dailj" during the experimental ^>eriod. On with- 
drawal of the dinitrophenol the calcium balancjo becomes positive and a decided 
decrease in the faecal calcium is observed. The metabolic rates were determined 
every week and are expressed as the percentage increase in oxygen consumption 
over that found in the control period. The variations are probably due to the 
fact that the rats had not consumed as much of the dinitrophenol before the 
test as they had in some of the other determinations. Magne ei nl. [1932J report 
a rapid habituation to the drug in larger non -lethal doses and such may have 
occurred here. The metabolic rates were determined at approximately the same 
hour on each occasion. 


Table II. The effect of dinitrophenol upon the creatine and 
creatinine excretion of adult rats (8 animals). 


Treatment 

Days 

Creatinine 
mg./ JOO g. 
body wt. daily 

Creatme 
mg./lOO g. 
lK)dy wt. daily 

Body wt. 

g* 

— 

»> 

2*62 

0*60 

266 


4 

2*65 

0*63 

262 


6 

2*57 

0*53 

266 


8 

2*66 

0*62 

266 

25 mg. dinitrophenol daily 

10 

3*84 

2*84 

261 

from 8th to 32nd day 

12 

3*96 

3*16 

263 


14 

3*84 

3*18 

249 


16 

3*84 

3*10 

239 


18 

3*74 

4*10 

230 


20 

3*88 

3*30 

226 


22 

3*20 

3*36 

223 


24 

3-22 

3*68 

218 


26 

3*46 

3*96 

210 


28 

3*43 

4*47 

201 


30 

3*46 

4*75 

197 


32 

3*28 

5*25 

187 


Note. The creatine is expressed as creatinine. 
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In a preliminary study in this investigation the dinitrophenol was given by 
subcutaneous and intraperitoneal injections of the sodium salt; here the results 
were not very satisfactory, owing to the short duration of the effect on the 
metabolic rate and the rapid excretion of the dinitrophenol. No definite rise in 
the calcium excretion was elicited by this technique even when the dose was 
divided and adminstered 3 times daily. Intraperitoneal injections of dinitro- 
phenol dissolved in olive oil were also not very satisfactory in producing a 
definite increase in calcium excretion. 

The results of feeding 25 mg. of dinitrophenol per rat daily on the body 
weight, creatinine and creatine excretion are shown in Table II. These results 
are in agreement with those previously reported for drugs which produce a loss 
of body weight, a decrease in glycogen stores and an increased excretion of 
creatine and creatinine. The creatinine excretion is increased to approximately 
45% above the control level and the creatine excretion is 4 times as great as 
during the control pt^riod. The loss of body weight is approximately 3 g. daily. 
A creatinuria of about the same extent was produced by intraperitoneal injec- 
tions of the sodium salt in a dosage of 5 mg. 3 times daily. 

Discussion. 

It appears from those results that substances which produce a prolonged 
elevation of the metabolic rate are capable of causing an increased excretion of 
calcium in the faeces. In cases where a transient increase in metabolic rate 
occurs, as with intraperitoneal injections of dinitrophenol, the effect is not so 
clearly shown. This increased excretion of calcium in the faeces would probably 
not occur with theratKJutic amounts of dinitrophenol, since the dosage used in 
these experiments is proportionately very much larger than that usually pro- 
scribed for human beings. Although Aub et al, [1929] were unable to find any 
increase above the normal level in chnicai cases with increased metabolic rate 
due not to hyperthyroidism but to subacute infections, it appears from these 
results that a time factor is involved in producing the effect. 

Ilabino witch and Fowler [1934] reported an increased blood creatinine in 
patients receiving dinitrophenol. Most workers agree that the urinary nitrogen 
is unchanged or slightly increased with toxic doses of the drug [Magne et al., 
1932; Tainter and Cutting, 1934; Furth and Rapport, 1934]. The increased 
creatine and creatinine excretion found in these experiments would probably 
not be considered significant when calculated as total nitrogen. 

Summary. 

The feeding of 25 mg. of 2:4-dinitrophenol per rat daily caused an increased 
excretion of calcium in the faeces similar to that produced by feeding desiccated 
th 3 nroid. A marked creatinuria and an increased excretion of creatinine was 
also observed. 

I wish to express my indebtedness to Prof. J. B. Collip and Dr D. L. 
Thomson for advice during the course of this work. I am also indebted to 
Dr E. M. Anderson for assistance in determining the metabolic rates. 
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Note added September 15th, 1935* After this paper had gone to press a paper 
by Lieben and Asriel [1935] came to the author’s notice reporting an increased 
excretion of creatine in rabbits after the subcutaneous injection of dinitrophenol. 
Also Robbins [1936] recently reported that the administration of dinitrophenol 
to patients had no elFect on their calcium and phosphorus excretion. 



CCLXV. THE DETERMINATION OF ASCORBIC 
ACID IN URINE WITH PHOSPHO-18- 
TUNGSTIC ACID. 

By grace MEDES. 

From the Lankenau Hospital Research InstitiUe^ Philadelphia, Pennsylvania, 
(ReceivedJuly 22nd, 1935,) 

Thb use of 2 : 0-dichlorophenolindophenol as an indicator in the quantitative 
estimation of ascorbic acid is open to the objection that the reaction is non- 
specific in that phenols and thiol compounds (especially cysteine) reduce the 
reagent. Birch [1933] has shown that in acid solutions glutathione does not 
interfere. At p^ 3 the action of phenols is suppressed or delayed [Johnson and 
Zilva, 1934] though cysteine reacts. Eramerie and van Eekelon [1934] removed 
cysteine by precipitation with mercuric acetate. The method, as worked out 
by them, whilst yielding more highly accurate results requires several hours 
(overnight) for completion. In all cases the end-point of the reaction is far 
from clear and varies somewhat with the speed of titration. 

The reduction of phospho-lS-tungstic acid by ascorbic acid is the basis of 
the method proposed here. It offers the advantages of simplicity, speed and 
accuracy. By carrying out the reaction in acid solution none of the other 
reducing substances of urine except thiol compounds interfere [Lugg, 1934]. 
Since the action of thiol compounds can be prevented by addition of formalde- 
hyde [Mason, 1930] or of mercuric salts [Shinohara, 1935] the reaction becomes 
highly specific for ascorbic acid. 

3Iethod. 

Eeagents, M formaldehyde. 

Sodium acetate-acefic acM buffer at Pa ^ [Shinohara, 1935] made in the proportion of 100 ml. 
of 2 if sodium acetate to 30 ml. of 2 if acetic acid. 

Folm's uric acid reagent [Folin, 1934], 

Aacorhic arid standard, 0*001 if. This solution is imstable and oxidation sots in immediately. 
It may be preserved for a number of days if saturated with HjS and kept in an ice-box. H 2 S 
must be blown out with nitrogen or carbon dioxide before using. The colour standards are stable 
for a period of several days if kept in the cold and dark. 

Procedure, To 5 (1-6) ml. of urine in a 25 ml. volumetric flask add 1 ml. of formaldehyde 
solution. Into three other 25 ml. volumetric flasks pipette 1 , 2 and 4 ml. of the ascorbic acid 
standard respectively. To each flask add 6*6 ml. of the buffer solution followed by 1 ml. of the 
uric acid reagent. Adjust the volume and read in the colorimeter after 20 min. 

A' 20 

CalctdaHon, 0*001 x — x - 5 - xO*! =g. mola. ascorbic acid per 100 ml. of urine, where N rep- 

ft M 

rownta ml. of staadard, « represents ml. of urine and R reading of colorimeter with standard 
set at 20. 

BesvUa. 

Mate of colour development. The blue colour produced by ascorbic acid with 
phospho-lS-tungstio acid reaches full intensity in about 3 min. at room tem- 
peratures (26® ±4®). Addition of formaldehyde inhibits the rate of oolonr de- 
velopment though it does not prevent full intensity from being attained. Fig. 1 

( 2251 ) 
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shows the effect of addition of 1 ml. of 1, 5, 10 and 37 % formaldehyde respec- 
tively. In all cases the reaction was completed within 20 min. When ascorbic 
acid is added to urine in the presence of 1 ml. of M formaldehyde in a final 
volume of 25 ml., the time required for the colour to reach a constant level 
varies with the sample of urine from 8 to 15 min. 



Minutes 


Fig. 1. Increase in colour intensity I with time (rain.) of solutions ascorbic acid in the presence* 
of varying amounts of formaldehyde. 1 ml. of 0*001 3f ascorbic acid. 0-5 ml. of sodium acetate 
buffer, 1 ml. of phospho-lS-tungatic acid reagent and 1 ml. of formaldehyde of varying 
concentrations in 25 ml. of solution. -I, no formaldehyde; Ji, 1 formaldehyde; (\ 6^*o; 
/> 10%; and 37%. 


Table I. Proportionality between colour intmsity a7id concentration of ascorbic 
acid in pure solutions and in urine. The determinations were made in each 
case in a total volume of 25 ml. 


Standard 

ascorbic 

acid 

O'OOl M 

Test sol. 
ascorbic 
acid 

0-001 M 

Urine 


a 

Found 
test sol. 

Recovered 

ml. 

ml. 

ml. 

Standard 

Test sol. 

M 

O' 

/o 

1 

0-5 

— 

20 

39-5 



99 


1 

— 

20 

200 



100 


2 

— 

20 

lO-O 


100 


4 

— 

20 

5-0 

— 

100 


6 

— 

20 

3-3 

— 

100 


8 

— 

20 

2-6 

— 

96 

4 


2 

10 

29-0 

(per 100 ml.) 
4-14 



■ — 

6 

20 

23-3 

4-12 




— 

10 

20 

11-7 

4-10 


4 


5 

20 

15-8 

(per sample) 
2-63 



2 

6 

20 

8-9 

4-49 

98 


4 

6 

20 

6-1 

6-55 

100 


6 

5 

20 

4-7 

8-51 

100 
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Ascorbic acid concentration and colour intensity. A series of standards is 
recommended in the procedure given above although the proportionality be- 
tween concentration and colour holds over such a wide range that fewer standards 
may be employed as shown in Table I. In the first group of data it may be 
seen that in pure solutions of ascorbic acid the unknown may contain as much 
as six times the standard solution and yet be determined accurately. In the 
second group the ascorbic acid in 2, 5 and 10 ml. samples of urine was deter- 
mined with an error of 0*5% using a single standard colour mixture. In the 
third group, 2, 4 and 6 ml. of 0*001 Af ascorbic acid added to 5 ml. of urine 
were determined with one standard solution within an error of 2 % . 

RelaUve colour intemities produced by ascorbic acid and cysteine. A com- 
I>arison of colour producc^d by ascorbic acid with those produced by cystine 
reduced by tin powder in HCl and by cysteine standardised by the method of 
Sbinohara [1935] indicates that cystine and ascorbic acid in equimolar concen- 
trations produce the same colour int-onsity (M ascorbic acid = 2Af cysteine). 
This interchangeability of standards in cysteine and ascorbic acid determina- 
tions may prove (‘onvenient, especially in determinations of the former, since 
pun' ascorbic acdd is more readily obtainable than is pure cysteine. 

Stability of colour standards. If the colour mixtures are kept in the cold, 
the intensity remains constant over a period of several days. Six tests on 
mixtures m^e up 5 days previously and kept in a refrigerator at 0-2® showed 
1(X)% colour intensity. 

Oxidation of ascorbic acid. Ascjorbic acid in urine oxidises rapidly, the rate 
di‘p<'nding upon temperature’, intensity of light and p^i . Johnson and Zilva 
[1934] state that when urinc' is immediately acidified with sulphuric acid the 
ascorbic acid remains stable for several days. Emmerie and van Eekelen [1934] 
redu(’('d the reversibly oxidised compound with HgS. If freshly voided urine 
is acidified with acetic acid and saturatcMl with H^S the ascorbic acid remains 
unchanged for at least 24 hours. 

Procedure. F'ipetie 5 (l~5) ml. of urine into a test-tube, add 1‘5 ml. of "IM acetic arid and 
saturate \nth washing off the tip of the tube with a few drops of water. When ready to 
eomplote thedetennination bubble carbon dioxide or nitrogen through the solution for 20-30 min. 
Wash the tip of the generator tube, add iiml. of '2M sodium acetate, 1 ml. of M H.CHO solution 
and 1 ml. of the uric acid reagent. Adjust the volume and read in the colorimeter after 20 min. 

Fig. 2 depieds three curves (A, B and C) representing the rate of oxidation 
of ascorbic acid in three samples of the same urine adjusted to p^ 5*0, 6*5 and 
8*0 respectively and kept in the light at 27° ±3®. After various intervals 
of time portions were removed, treated as above and kept with the H 2 S for 
12 hours. The broken lines indicate the subsequent increases in their reducing 
ability. 

As may be seen, rates of oxidation were approximately the same at p^^ 5*0 
and 6*5, At pj^ 8*0 oxidation occurred rapidly, about 40 % having been lost 
after 4 hours. At this time the reaction was completely reversible as shown by 
the broken line. After 8 hours, 66% of the ascorbic acid was oxidised in the 
alkaline medium, about 10% subsequently failing to become reduced wdth HgS. 
After 12 hours only 18 % remained unoxi^sed. At this time very little reversi- 
bility of the reaction was shown. At the end of 24 hours no unoxidised ascorbic 
acid could be detected in the alkaline medium and no reversibility of the reaction 
could be demonstrated. On the other hand, the ascorbic acid in the acid solu- 
tions had lost only about 40 % of its reducing ability and regamed the latter 
completely after treatment with HgS. 
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Comparison of results with the phospho-lS-tungstic acid and dichhrophenoh 
indophenol methods. Series of determinations made by these two methods 
agreed within ±8%. Repeated determinations on the same sample of urine 



Fig. 2. Kate of oxidation of asoorbio acid in urine at various Absj^issa reprcHcnts time in 
hours and ordinate, 1, intensity of colour developed. The broken lines indicatf^ degree of 
reduction of the oxidised ascorbic acid after different stages of oxidation. 5 ml, of urine, 
6*5 ml. of acetic acid-acetate buffer, 1 ml. of M formaldehyde and 1 ml. of uric acid reagent 
per 25 ml. of mixture. 

by the method proposed here showed variations of less than 2 % , whereas in 
our hands the variations with the indicator method showed miKih wider dis- 
crepancies between repeated determinations on a single sample. 

Inhibition of colour production by cysteine by means of mercuric chloride. 
Mercuric cliloride added to a solution of cysteine completely iiiliibits the action 
of the latter upon phospho-18-tungstic acid. Mercuric chloride also prevents 
the development of colour by ascorbic acid unless sulphite is present in the 
reaction mixture. Cysteine in the presence of mercuric chloride and sulphite 
gives no colour with the uric acid reagent. 

Procedure. To 5 (1-5) ml. of urine in a 25 ml. volumetric flask, add 15 ml. of JI NaHSOg 
followed by 6-6 ml. of sodium acetate buffer, 2 mi. of 0-1 HgClg and 1 ml. of the uric acid reagent. 
Adjust the volume and read after 20 min. 

In this procedure it is important that the bisulphite be added before the 
mercury salt since otherwise the latter partially oxi^ses the ascorbic acid and 
bisulphite fails to reduce it again. The degree of oxidation depends upon the 
time interval between the addition of these two components of the reaction 
mixture, and may be only 6% if the bisulphite is added immediately after the 
mercury salt. 

Sodium sulphite may be substituted for the sodium bisulphite with obser- 
vation of the same precaution as to order of addition of the various constituents 
of the mixture. So^um sulphite produces an appreciable colour with the uric 
acid reagent and theoretically a blank should be subtracted. However, the error 
in determining the blank is so great that deducting it fails to reduce the error. 
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Table II gives a series of comparative determinations by the (a) formalde- 
hyde, (6) mercuric chloride and bisulphite, (c) mercuric chloride and sulphite, 
and id) indicator methods. As may be seen, the results by the two first methods 
are in almost perfect agreement. The other two methods show wider variation. 

Table II. Ascorbic acid excreted during 3-hour periods by one individtial on diets 
of varying ascorbic acid content^ as determined hy the formaldehyde^ mercuric 
chloride and bisulphite, mercuric chloride and sulphite and indicator methods. 

M 10~* 


H.CHO 

HgCl 2 and bisulphite 

HgClg and sulphite 

Titration 

2-00 

2*00 

1-94 

215 

3-20 

320 

3-25 

3*40 

7*61 

7*57 

7-58 

7*34 

107 

107 

0-99 

1-29 

532 

532 

5-37 

5*63 


Reduction of oxidised ascorbic acid. The only one of the reducing agents 
employed here which is able to reduce the reversibly oxidised compoimd is HgS. 
Sulphite, even after 12 hours, reduces it only slightly. Tin dust and HCl also 
produce only slight reduction. In one instance a 0'002jJf solution of ascorbic 
acid, on standing in the laboratory for 5 hours had lost 30% of its reducing 
ability. It could not be reduced with tin powder or sulphite, but after treatment 
overnight with HgS all of its original reducing power was recovered. 


SUMMABY. 

A method is described for the determination of ascorbic acid in urine by 
use of Folin's phospho-lS-tungstic acid reagent. 

Phenols and thiol compounds do not interfere with the test. 

A simple method is described for the preservation of urine for several hours. 
It may also be employed for reduction of the reversibly oxidised ascorbic acid. 

An alteniative method is offered with mercuric chloride and sodium bisul- 
phite. With sodium snljihito the error is greater. 

The findings by the formaldehyde method agree within about ± 8 % with 
those obtained b}'^ the dichlorophenolindophenol method. 
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III. TRYPTOPHAN. 
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(Received July 25th, 1935,) 

Teyptophan was first synthesised l>y EUinger and Flamand [1907] by the 
classical Erlenmeyer method. The yield of the amino-acid was however only 
15-20 % of the theoretical amount obtainable from the iiidole-3-aldehyde em- 
ployed. Using the identical procedure, EUinger and Matsuoka [1914] and Barger 
and Ewins [1917] prepared 2-methyltr^T)tophan from 2-methylindole-3-alde- 
hyde. In both these cases, as in that of tryptophan itself, the final product had 
to be purified by precipitation with mercuric sulphates Barger and Ewins ob- 
tained over 40 % of the theoretical amount calculated on the aldehyde. 

Majima and Kotake [1922], on the other hand, synthesised tryptophan by 
condensing indole-3-aldehyde with hydantoin by heating these substances t; 0 - 
gether in the presence of acetic anhydride and sodium acetate?, reducing the 
product with sodium amalgam and hydrolysing the saturatcid hydantoin with 
strong aqueous barium hydroidde. These workers also used the mercuric sul- 
phate precipitation for the isolation of the amino-acid. Kobson [1924| prepared 
5-methyltryptophan by a method similar to that of Majima and Kotake, but 
omitted the mercuric sulphate precipitation. The yield however was very low. 
This synthesis has recently been repeated by Gordon and Jackson [1935] but 
no better results are reported. 

On attempting in this laboratory to repeat the results obtained by EUinger 
and Flamand, great difliculty has invariably been experienced at the reduction 
stage of the synthesis both of tryptophan and of its homologues. The produ(;t of 
the reaction was always an amorphous precipitate which resisted all attempts 
at crystallisation. Moreover, hydrolysis of the product faUed to yield appre(;iable 
amounts of the amino-acid, although the final solutions gave the tj’pical colour 
reactions of tryptophan in moderate degree. Similar trouble was experienced 
with Majima and Kotake’s method more particularly when applied to the 
synthesis of 5-methyltryptophan [Robson, 1924]. 

In looking for a possible explanation of the difficulty, it appeared highly 
probable, since indole is itself so easily hydrogenated by much the same means 
as has been used for the reduction of these benzamidoacrylic acids, that there 
was present in the reduction product not only benzoyltryptophan together with 
some unchanged a-benzamido-jS-indolylacrylic acid but also the corresponding 
dihydroindole compound. Such a mixture might be expected to be difficult to 
crystallise. 

Such reasoning led to the quest for another mode of reducing the double 
bond of the side-chain without affecting the nucleus. It has been shown by the 
authors [1935, 2] that in the reduction stage of the hydantoin synthesis of 
aromatic amino-acids, sodium amalgam can be satisfactorily replaced by am- 
monium sulphide, and that excellent yields of phenylalanine, methoxyphenyl- 
alanine and tyrosine can be obtained in this way, 
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On applying this modification to the synthesis of tryptophan an unforeseen 
diflSculty appeared in the insolubility of indolalhydantoin in the various solvents 
used so successfully for the preparation of benzylhydantoin and phenylalanine. 
The rate of reduction of indolalhydantoin is slower than that of bcnzalhydantoin 
even in aqueous ammonium sulphide and scarcely proceeds at all at 100° in 
non-aqueous hydrogen sulphide solutions even when the indolalhydantoin is all 
in solution. This accentuates the difficulty arising from the insolubility. 

Moreover, owing to the insolubility of indolylhydantoin it is difficult to free 
it from the last traces of indolalhydantoin. For these reasons the attempt to 
prepare indolylhydantoin directly in good yield and purity has not been suc- 
cessful. The search for a suitable solvent has greatly delayed the publication of 
this work. These difficulties have been surmounted, however, by combining the 
reduction and the hydrolysis in one operation involving heating of the indolal- 
hydantoin with ammonium sulphide-ammonium h57^droxide solution for 500 
hours at 100-105°, whereby a 50-60% theoretical yield of colourless, analytically 
pure tryptophan is obtained from such small quantities as 2-3 g. of indolal- 
hydantoin without the necessity of a mercuric sulphate precipitation or even of 
a recrystallisation. A second crop of slightly less pure amino-acid brings the 
yield up to 70 7o of the amount theoretically obtainable from the indolal- 
hydantoin. By carrying out the reaction at a higher temperature, the time can 
bo consid(»rably shortened but the practical difficulties attendant on such a 
procedure render the lower temperature preferable. 

It may be added that the solubility difficulty is not so great in the prepara- 
tion of 7 -methyl tryptophan which will be described in a later paper. 

Finally, the piperidine method of preparing indolalhydantoin has consider- 
able advantages ovc^r the acetic anhydride-sodium acetate method as shown 
bv the better vi(dd and purity of the product obtained (c/. Boyd and Robson 
[i935, IJ). 

F^xperimental. 

Jridoh-S-aldehyde. The preparation of this substance with improved ykdds 
has already been described [Boyd and Robson, 1935, 3]. 

Iridolalhydantoi?}. Indole -3-aldehyde (6*5 g.), hydantoin (5*4 g. or 1*2 mols.) 
and piperidine (2Uml.) were heated together under a reflux condenser for 
30 min. After lo-20 min. the highly coloured solution began to deposit a 
yellow crystalline precipitate of indolalhydantoin piperidine salt. The mixture 
was poured into a large bulk of water and acidified with acetic acid. The pre- 
cipitate was collected, washed with methyl alcohol to remove any unchanged 
aldehyde and some colouring matter and finally recrystallised from glacial 
acetic acid. Yield 6*6 g. or 65 % of the theoretical. It melted at 330° (Majima and 
Kotake found 325°) and contained 18*29% N. Ci 2 H 902 N 3 requires 18*50% N. 

Tryptophan. Indolalhydantoin (2*5 g.), 16% ammonium sulphide (50 ml.) 
and 3 % ammonium hydroxide (20 ml.) were heated in a closed vessel at 100—103° 
for 600 hours. At the end of that time 0*24 g. of unchanged indolalhydantoin 
(M.P. 327°) was filtered off. The filtrate was evaporated to dryness in vaevo and 
the residue extracted rt^peatedly by boiling it with fresh quantities of water 
containing a little ammonia, the total volume amounting to about 700 ml. The 
insoluble residue was treated with a little carbon disulphide to remove sulphur 
and the mixture filtered. The insoluble residue was again boiled out with 
ammoniacal water and the suspension filtered. The filtrate was added to the 
previous extract. The combing ammoniacal extracts were concentrated to 
400 ml., boiled with a little animal charcoal, filtered and concentrated to 100 ml. 
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Alcohol (400 ml.) was added to the concentrate and the solution set aside. The 
amino-acid which crystallised out slowly was filtered off, washed with 80% 
alcohol and dried. It weighed 0*98 g., melted at 275-282®, and contained 
13-76% N (micro-Kjeldahl). CiiHi202N2 requires 13-72% N. 

A further crop of 0-45 g. of slightly less pure product was obtained by 
concentrating the mother liquor to 10-20 ml and adding 100 ml. of alcohol. 
The total amount of tryptophan isolated was 70% of the theoretical figure, 
but further amounts of very impure amino-acid were obtained together with 
a little impure indolylhydantoin. 

The 3:6-dinitrobenzoyl derivative melted at 240®, after preliminary softening 
at about 230®. The 3:5-dinitrobenzoyl derivative prepared from a sample of 
!!-tryptophan isolated from caseinogen softened and melted at the same tem- 
peratures as the derivative of the synthetic amino-acid. A mixed melting-point 
likewise gave 240® (Saunders [1934] gives 233®). 

A second experiment was earned out wherein indolalhydantoin (2*3 g.) was 
heated in a sealed tube with ammonium sulphide (8 ml) and alcohol (4 ml) for 
5 hours at a temperature ranging from 150 to 175®. The product was worked 
up as described above, the amino-acid being finally crystallised from 60% 
alcohol. The total yield was only 0-4 g., and it melted at 275-287®. 


StTMMABY. 

By using piperidine as catalyst for the condensation of indole-3-aldehyde 
with hydantoin and ammonium sulphide as the reducing and hydrolytic reagent, 
tryptophan can be prepared without diflSculty in good yield and purity. The 
method, which does not involve the usual precipitation with mercuric sulphate, 
is readily applicable to the preparation of small quantities of the amino-acid. 
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The encrusting hemicelluloscs have been presumed by most workers to exist in 
the cell-wall in a free condition, that is to say, not in chemical union with any 
other constituent. Preecc [1931], in his work on boxwood, made a distinction 
between “free” and “combined” hemicelluloscs, the former being soluble in 
cold 4 % NaOH and the latter only going into solution on heating. He stated, 
however, that tliese terms were not to be understood literally but implied only 
a diSerence in case of extraction. Recently, Harris et al. [1934] have made a 
detailed study of the lignin from sugar maple wood and of the methylation of 
maple lignin in situ in the wood. They were unable to increase the natural 
methoxyl content of the lignin unless a preliminary acid hydrolysis were given. 
They concluded that the active “hydroxyls of lignin were not free for methyla- 
tion until after hydrolysis, and that the lignin must, therefore, be attached to 
some of the carbohydrates, possibly the hemicellulose, in the wood cell”. 
Further, they believed that such a combination between lignin and carbohydrate 
would have the effect of stabilising the lignin naturally in the enolic form, as 
opposed to the keto-(5ondition in which isolated lignin is obtained. Harris et ah 
[1934] fmmd support for this view in the observation that maple lignin in situ 
took up more chlorine than when freed by isolation. In the naturally occurring 
enolic form the lignin would be imsaturated and therefore more reactive. While 
these observations cannot be taken as proving beyond doubt the linkage of 
lignin witli the encrusting hemioelluloses or polyuronides in the cell wall, they 
are sufficient to show that such a union is possible. In this paper is described 
some evidence, obtained by entirely different means, which points to the same 
conclusion. 

A study has been made of the removal of lignin and encrusting hemicelluloscs 
from various materials by means of sulphite with and without previous chlorina- 
tion. Alternate exposure to clilorine and extraction with boiling sodium sulphite 
form the basis of the well known Cross and Bevan method for the isolation of 
cellulose. This procedure seems to have been devised solely with a view to the 
removal of lignin by reason of the formation of “lignone chloride”, and its 
solution in hot sulphite. The concurrent removal of encrusting hemicelluloscs 
appears to be incidental and has not been hitherto investigated. Norman and 
Jenkins [1933] gave the results of a few experiments on oat straw which showed 
that chlorination is apparently as necessary for the removal of the encrusting 
polyuronides as for that of lignin. Three treatments with hot sulphite solution 
alone effected the .extraction of 57 % of the lignin and a reduction of but 15 % 
m the total furfuraldehyde yield. T^en, however, gaseous chlorination treat- 
ments were given alternately with three sulphite extractions, 83 % of the lignin 
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was removed, and the furfuraldehyde yield was reduced by 40 %. Since in the 
sample used about 58 % of the furfuraldehyde was due to the cellulosan in the 
cellulose and consequently would be unaffected by the treatments, the removal 
of encrusting polyuronide hemicelluloses must have been practically complete. 
This effect of chlorination in assisting the removal of hemicelluloses had not been 
previously reported. The experiments described below are a fuj*ther investigation 
of this point. 

Experimental. 

All plant materials employed were previously ground to pass a 00-mesh sieve. 
Extractions with sodium sulphite were carried out by boiling gently with 100 ml. 
solution for 20 min., 2-3 g. material being taken initially for each experiment. 
The residue was filtered on cloth while hot, and after the final treatment 
throughly washed with warm water. Gaseous chlorinations were given by 
passing a steady stream of the gas over and through the material suspended on 
a cloth fastened over a small Buchner funnel, suction being applied throughout. 
The time of contact with the gas was 10 min. in all cases. Chlorinations in solu- 
tion were carried out by suspending the material in 100 ml. water and adding 
5 ml. dilute sodium hypochlorite (about 3% available Cl) and 2 ml. 20% 
H2SO4. After standing for 10 min. the residue was filtered off but not extensively 
washed before taking up in sulphite. 

All determinations of total loss were made in duplicate or triplicate, the 
dried residues being bulked, regroimd and divided for duplicate determinations 
of furfuraldehyde yield and lignin content aftc^r hydrolysis for 1 hour with 5 % 
H2SO4 [Norman and Jenkins, 1934|. 

1. Extraction of wheal straw (J. Q. S.). 

The removal of lignin and encrusting polyuronides by hot sulphit<' solutions 
was studied with and without alternate exposure to chlorine gas or chlorine in 
solution. The results are summarised in Table I. One treatment with sulphite 


Table I. Removal of polyuronides ami< lignin from wheat straw. 

All rcHiilts calculated on 1(X) g. original straw. Straw contained 51*91 *^'0 celluloses 
14*95 % lignin (after hydrolysis). Furfuraldehyde from cellulose 9*59 


A. 3 % sulpliite alone 


B. Chlorine gas then 
3 % sulphite 


C. Chlorine in solution 
then 3 % sulphite 


D. Chlorine gas then 
1*5 % sulphite 


No. of 
treat- 
ments 

Residue 

Total 

furt'ur- 

aldehydo 

Folyuronifie 

furfur- 

aldehyde 

Lignm 

(after 

liydrolysis) 

— 

190*0 

17*01 

8*0 

14*95 

1 

83*2 

17*38 

7*8 

10*00 

2 

81*4 

17*21 

7*0 

9*75 

3 

77*8 

17*02 

7*4 

9*39 

4 

75*4 

10*93 

7*3 

8*54 

(i 

72*2 

15*09 

0*1 

7*14 

1 

78*0 

15*70 

0*1 

0*79 

2 

73*2 

14*00 

5*1 

3*82 

3 

06*9 

12*34 

2*7 

2*40 

4 

58*9 

11 -(K) 

1*4 

2*04 

9 

55*3 

10*02 

0*4 

1*30 

1 

70*4 

15*07 

0*1 

7*49 

2 

70*5 

14/05 

4*5 

5*95 

3 

06*1 

13*02 

4*0 

3*85 

4 

58*8 

10*95 

1*4 

2*53 

0 

52*7 

9*00 

0*0 

1*39 

1 

79*3 

15*40 

5*9 

6*01 

2 

73*3 

15*25 

5*7 

4*03 

3 

09*8 

14*32 

4*7 

2*76 

4 

(>4*4 

13*70 

4*1 

2*18 

6 

59*3 

11*95 

2*4 

1-60 
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alone removed about a third of the lignin and only a little of the polyuronides 
as followed by the difiForence in total furfuraldehyde yield and furfuraldehyde 
due to cellulosan. Further treatments produced a slow fall in both, but at the 
end of six treatments nearly half the lignin remained together with 76 % of the 
polyuronides. Wheat lignin may, therefore, be slowly removed by neutral 3 % 
sulphite. The polyuronides of this material, however, do not go into solution to 
any great extent under the same treatment. Solutions of neutral sulphite under 
pressure have been employed for the delignification of wood for i)ulps, but the 
results obtained have not beem encouraging, as high pressures are nec(^ssary for 
the satisfactory removal of lignin. 

By exposure to chlorine gas l)efore each extraction with sulphite (Table I, B). 
the removal of lignin was, as would be expected, greatly expedited. The hemi- 
celluloses were affecttnl equally and rapidly came into solution also. One 
ehloiination and sulphite extraction resulted in the removal of more lignin and 
as much of the polyuronide hemieelluloses as six sulphite treatments alone. The 
results obtained after chlorination in solution (Table 1, C) were almost identical 
with those for gaseous chlorination. Substitution of 1*5% sulphite for 3% 
sulphite following treatments with chlorine gas was not significantly different 
in so far as the removal of lignin was concerned but resulted in a less complete 
extraction of the hemicellu loses. It is therefore important in cellulose deter- 
minations to U8(^ sulphite of 3%, as with a lower c^oncentration the material 
might give no colour test for lignin atid yet contain appreciable amounts of 
encrusting polyuronides um’cmoved. 

These experimenl^ show' that the extraction of the polyuronides with sodium 
sulphite carmot be effected without chlorination. Further, by submitting the 
same material to one chlorination and then following with successive sulphite 
extractions without additional exposures to chlorine, the removal of the horni- 
(5ellulos(»s w^as shown to be dependent on the removal of lignin. About 30 g. 
wheat straw' were thoroughly soaked in water for some hours, after which dilute 
hypochlorite and acid w(*re added to effect chlorination in the usual way for 
10 min. The residue was filtered and boiled for 20 min. with 3 % sulphite. After 
thorough w'ashing it was dried, weighed and analysed. Small portions were 
subsequently given 1, 2, 3 and 5 further extractions with 3% sulphite. The 
results of these treatments are given in Table II. The removal of lignin by the 
successive sulphite treatments w'as slow and the loss of polyuronide hemi- 
oellulose not more rapid despite the intervention of an initial chlorination. 

Table IT, Effect of one chlorinafion and suc^^essive sulphite extractions 
on the removal of polyuronides and lignin from wheat straw. 

All results calculated on 100 g. original straw. 


No. of 
treatments* 

Residue 

Total 

furfur- 

aldehyde 

Polyuronide 

furfur- 

aldehyde 

Lignin 

(after 

Kydrolysi 

— — 

1000 

17-61 

8-0 

14-96 

ICl. ISO, 

77*0 

16-10 

6-6 

8-26 

1C1.2SO, 

730 

14-04 

5-4 

7-62 

iC1.3SO, 

72-3 

14-78 

5-2 

7-43 

lCi.4SO, 

70-a 

14-69 

5-0 

7-16 

ICl. 680, 

68-1 

13-76 

4-2 

6-46 


♦ ICl. ISOa indicates one chlorination followed by one sulphite extraction. 

The effect of extraction with sodium sulphite under pressure with and with- 
out previous chlorination was tested. Two samples of straw, 7*5 g. each, were 
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soaked overnight in water. To one sample sodium sulphite was added to give 
250 ml. of 3 % concentration. The other was made up to 200 ml. with water and 
2 ml. concentrated sodium h3rpochlorite were added followed by 4 ml, 20 % 
H2SO4. After standing for 1 hour the residue was filtered off and suspended in 
250 ml. 3 % sulphite solution. Both sulphite solutions were then autoclaved for 
1 hour at 42 Ib./sq. in. (144^^). The residues were weighed and analysed as usual. 
The results are given in Table III. 


Table III. Effect of sulphite extraction of wheat straw under 
pressure with and without previous chlorination. 


All results calculated on 100 g 

. original straw. 




Total 

Furfur- 

Lignin 



furfur- 

aldehyde from 

after 

Treatment 

Kesidue 

aldehyde 

polyuronide 

hydrolysis 

Untreated 

— 

17*6 

8*0 

14*95 

Sulphite alone 

58*8 

9*7 

1*4 

2*8 

Chlorination followed 

590 

10*4 

1-6 

3*2 


by sulphite 

Extraction with sulphite under pressure was clearly far more effective in the 
removal of lignin than prolonged boiling at 100®. Previous chlorination had no 
effect in increasing the extraction of lignin under these conditions and even 
reduced it slightly. This was possibly due to a small reduction in the concentra- 
tion of the sulphite by the chlorine held in the sample. 

2. Extraction of mature meadow hay. 

The removal of lignin and polyuronide hemicelluloses fi’om a sample of hay 
was studied in a similar manner. The results of analyses on this mixed material 
are given in Table IV. As in the case of wheat straw, a portion of the lignin went 

Table IV. Eemoval^of polyuronides and lignin from, hay. 


All results calculated on 100 g. dry material. Hay contained 44*79 % celluloao, 
12*96 % lignin (after hydrolysis). Furfuraldehyde from cellulose 8*26 %. 



No. of 


Total 

Polyuronide 

furfur- 

Lignin 


treat- 


furfur- 

(after 

Treatment 

ments 

Residue 

aldehyde 

aldehyde 

hydrolysis) 

A. 3 % sulphite alone 

— 

— 

14*59 

6*3 

12*96 


1 

72*09 

13*21 

4*9 

9*65 


2 

70*20 

12*95 

4*7 

9*05 


3 

69* 17 

12*64 

4.4 

9*00 


4 

64*48 

11*38 

3 1 

7*89 


5 

64*31 

11*24 

3*0 

7*68 

B. Chlorine in solution 

1 

69*46 

13*07 

4*8 

8*44 

then 3 % sulphite 

2 

66*11 

12*61 

4*4 

6*63 


3 

60*02 

31*23 

3*0 

4*06 


4 

54*18 

9*64 

1*4 

2*82 


5 

48*35 

9-06 

0*8 

2*26 


into solution on treatment with sulphite alone and was accompanied by some 
of the polyuronide hemicelluloses. On further treatment with sulphite small 
quantities of both were removed, so that after six extractions a little over half 
the polyuronide material and less than half the lignin had gone. Chlorination 
greatly increased the rate of removal of both groups, the losses running almost 
parallel. 

3. Extraction of barky straw. 

Results of a similar nature were obtained in another series in which barley 
straw was snbjecied to the same extractions (Table V). Again a portion of the 
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lignin was readily removed by boiling with suJphito. Chlorination vastly in- 
creased the removal of polyuronide hemicelluloses as well as that of lignin. 

Table V. Removal of polyuronidfiS and lignin from barley straw. 


All rcHults calculated on 100 g. dry material. Barley contained 48*60 % cellulose, 
16*44 % lignin (after hydrolysis). Furfuraldehydo from cellulose 7*.37 %. 


Treatment 

No. of 
treat- 
ments 

Kesidue 

Total 

furfur- 

aldehydc? 

Polyuronide 

furfur- 

aldehyde 

Lignin 

(after 

hydrolysis) 

3 % sulphite alone 

— 

— 

18*69 

11*3 

16*44 


1 

81*33 

16*34 

9*0 

11*05 


2 

79*34 

15*98 

8*6 

10*24 


3 

76-90 

15*61 

8*2 

9*35 


4 

75*40 

15*(K) 

7*6 

8*87 


6 

72*47 

13*53 

6*2 

7*79 

Chlorine in Holiition 

1 

77*65 

14*77 

7*4 

8*38 

then 3 % sulphit-c 

•» 

69*42 

13*75 

6*4 

6*03 


3 

61-65 

11*40 

4*0 

3*03 


4 

59*66 

10*90 

3*5 

2*68 


6 

54*23 

9*74 

2*4 

1*61 


4. Extraction of oak wood. 

Samples of oak, previously extracted with alcohol- benzene for the removal 
of n^sinous matter, w'er<‘ e;xtracted in a similar manner. 

Table . Re7noral of polyuranides and lignin from oak. 

All results calculated on 100 g. alcohol-benzcnc-cxtracted wood. Wood contained 53*85 % 
(‘cllulose, 22-1*6 liguin (after hydrolysis). Furfuraldehydo from cellulose 9*21 Vo* 


Treatment 

No. of 
treat- 
ments 

Hosidue 

Total 

furfiir- 

aldehyde 

Polyuronide 

furfur- 

aldeh3^de 

Lignin 

(after 

hydrolj’^sis) 

3 Vo «ulphito aloFic 

— 

100*0 

13*37 

4 2 

22*26 

1 

90*0 

12*67 

3*5 

21*48 


o 

88-6 

12*64 

3*4 

2J52 


3 

86-8 

12*40 

3*2 

21*10 


4 

86*4 

12*10 

2*9 

21*25 


6 

84*9 

11*95 

2*7 

20*95 

Chlorine in solution 

1 

86*6 

12*12 

2*9 

18*72 

then 3 Vo sulphite 

2 

77*3 

10*65 

1*4 . 

14*25 

3 

71*2 

10*18 

1*0 

11*56 


4 

62*1 

9*24 

0*0 

7*01 


6 

59*2 

8*98 

— 

412 


The results (Table \T) indicate certain differences between this wood and the 
other materials previously examined. The ratio of lignin to hemicellulose was 
mucli greater in the wood and was probably about 2, whereas in the straws the 
ratio was certainly less than unity. It would not be expected therefore that the 
removal of lignin and hemicelluloses from wood would run so closely parallel as 
in the other materials. Chlorination followed by sulphite extraction produced 
a rapid removal of both groups, but, as judged by furfuraldehj^de yield, all the 
polyuronide hemicellulose material had gone into solution after four treatments 
although nearly a thii’d of the lignin still remained. Again, contrary to the ob- 
servations on straws, very little oak lignin went into solution on treatment with 
sulphite alone. On the other hand, about a third of the polyuronide material was 
removed by six successive sulphite extractions. In the case of this wood there 
seems to be a possibility that the association between hemicelluloses and lignin 
may be ruptured slowly by prolonged boiling with sulphite, without the lignin 
Bioohem. 1936 xxnc 144 
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itself ooming into solution, a process presumably dependent on the ease of 
sulphonation of the lignin molecule. Because of the excess of lignin over hemi- 
cellulose, only a portion would be likely to be involved in such an association. 

5. Extraction of silver fir wood. 

This wood, being a gymnosperm, has a much lower pentose content than 
the oak, and in consequence, the furfuraldehyde yield may not be such a satis- 
factory indication of the encrusting hemicelluloses. The results obtained (Table 
VII) are similar in character to those given by other materials. As in the case of 
oak, very little lignin went into solution in sulphite alone. 

Table VII. Removal of polyuronides and lignin from silver fir. 


All results calculated on 100 g. wood. WockI contained 53*83 % cellulose, 
29*26 % lignin (after hydrolysis). Furfiiraldehyde from cellulose 2*61 %. 


Treatment 

2 ^ 0 . of 
treat- 
ments 

Residue 

Total 

furfur- 

aldehyde 

Polyuronide 

lurfur- 

aldehyde 

Lignin 

(after 

hydrolysis) 

A. 3 % sulphite alone 

— 

100*0 

5*49 

2*9 

29*20 

1 

94*9 

5*34 

2*7 

27*30 


2 

94*4 

5*34 

2*7 

27*83 


8 

90*9 

504 

2*4 

25*83 

B. Chlorine in solution. 

1 

93*3 

5*00 

2*4 

24*05 

then 3 % sulphite 

2 

84*6 

4*50 

1*9 

16*89 

3 

75*1 

4*15 

1*5 

10*41 


4 

69*2 

3*73 

M 

0*90 


5 

06*1 

3*49 

0*9 

1*21 


6 

60*4 

3*03 

0*4 

0*31 


8 

58*0 

3*19 

0*6 

0*12 


6. Modification of the material before extraction. 

Lignin, either isolated or in situ, is rapidly and extensively oxidised by a 
dilute solution of sodium hypochlorite, as will be shown in another communica- 
tion later. Samples of two materials were treated for 16 hours at room tempera- 
ture with dilute sodium hypochlorite of strength 0*75% available chlorine, 
100 ml. being used for 2*5 g., and in this way the lignin content was much 
reduced (Table VIII). A fall in the yield of furfuraldehyde indicated that there 

Table VIII. Removal of polyuronides after partial oxidation of lignin. 


All results expressed on the basis of 100 g. dry original material. 





Total 

furfur- 

Polyuronide 

furfur- 

Lignin 

(after 

Material 

Treatment 

Residue 

aldehyde 

aldehyde 

hydrolysi 

Barley 

Untreated 

100*0 

18*69 

11*3 

16*44 

straw 

Oxidised with NaOCl 

78*7 

15*87 

8*5 

6*36 


3 % sulphite extraction 
after oxidation 

64*3 

12*90 

5*5 

4*20 


3 % sulphite extraction 
of original material 

81*3 

16*34 

9*0 

11*05 

Hay 

Untreated 

100*0 

14*59 

0*3 

12*96 

Oxidised with NaOCl 

72*1 

13*68 

6*3 

7*99 


3 % sulphite extraction 
after oxidation 

62*6 

12*23 

4*0 

6*30 


3 % sulphite extraction 
of original material 

72*1 

13*21 

4*9 

9*65 


was some accompanying loss of hemicelluloses. Whether this was due to oxidation 
or to simple extraction by the slightly alkaline solution is not knOwn, though the 
latter is more probable. However, one sulphite extraction following on the 
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oxidation process removed considerably more of the polyuronide material than 
if given directly on the original material. This would suggest that the removal of 
lignin by oxidation liberated a certain amount of hemicellulose which was then 
free to dissolve in the sulphite. 

Experiiients were made to determine whether the apparent association 
between hemicelluloses and lignin was affected by a pre-treatment with cold 
alkali. Such a treatment, of course, extracts a certain amount of both con- 
stituents, but that remaining was not appreciably more susceptible to extraction 
either by sulphite alone or by sulj)hite following on chlorination. 

Aqueous extractions following chlorination were found to be nearly as 
effective in the removal of the hemicelluloses as sulphite treatments, but far less 
effective, as would be expected, in the removal of lignin. 

DlSOtJSSlOK. 

Sufficient evidencje has been presented to show that the removal of hemi- 
celluloses from plant materials on extraction with sulphite solution is affected 
by previous chlorination to almost the same degree as is that of the lignin, for 
which the process was especially designed. Three explanations are possible. 
(1) That the hemicelluloses and lignin exist in some form of combination, and 
that the solution of the hemicelluloses depends therefore upon the rupture of 
the linkage. Rupture may be brought about slowly by boiling with sulphite or 
rapidly by chlorination. (2) That the hemicelluloses and lignin are not com- 
bined and chlorination has a specific effect on the hemicelluloses rendering them 
soluble. (3) That the hemicelluloses and lignin are not combined and that the 
removal of hemicelluloses is mechanically and physically hindered by the 
presence of an insoluble layer of lignin, only removed by chlorination. Of these 
three possibilities the first, though not liitherto demonstrated, appears the most 
likely. To the second may be raised the objection that a non-reducing pol}^- 
saccharide is not known to undergo any reaction upon brief treatment with a 
halogen. Further, when the lignin content was very much reduced by oxidation 
with NaOCl, one sulphite treatment extracted considerably more of the hemi- 
celluloso material than if this pre-treatment were not given. The third alternative 
is not in accordance with present views on the structure of the cell wall. 

The theory of a combination between lignin and encrusting hemicelluloses 
finds further support in the changes in solubility of the latter after isolation. 
Whereas hemicellxiloses are only removed from the tissues by agents which also 
will dissolve lignin and rupture the linkage, after isolation they are frequently 
soluble in hot water, or even slowly in cold water. It should be stated that 
Ritter and Kurth [1933] have shown that the polyuronide fraction of maple 
wood carries about one-sixth of the total methoxyl groups and all the acetyl 
groups present in the wood. The removal of some of these substituent groups in 
the ordinary process of isolation might also be a contributory factor in the 
observed change in solubility mentioned above. 

If lignin and hemicelluloses occur in some form of combination, as this work 
indicates, there is the possibility of both groups existing in two conditions, 
attached and unattached, depending on the relative quantities of each present. 
Further, it implies that lignin should not be considered so inert in the plant as 
il is usually regarded. 


144—2 
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SUMMABY. 

The removal of polyuronide hemicelluloses from plant materials and woods 
is not easily effected by dilute sulphite solutions unless the material is given a 
previous chlorination. Some form of combination or association between lignin 
and this type of hemicellulose is probable, since the extraction of the latter 
depends on a treatment effecting the solution of the former. 
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It is only comparatively recently that precise knowledge has been obtained in 
regard to the impoi*tant problem of polysac(‘haride s^mthesis by bacteria. This 
advance has been due to the work of Hibbert and co-workers f 1930-34], who 
succeeded in isolating in the pure state and also on a largf^ scale the poly- 
saccharides formed by the activity of the micro-organisms B. mesemtericus^ 
B. s'uhtilis, and Acetobacter xylinum, and ascertaining their chemical structure. 

The polysaccharides synthesised by the closely related organisms, B. mesen- 
tericUrS and B. subtilis from sucrose and raffinose [1930; 1931, 1,3; 1932] were 
found to be identical in chemical nature and to be “fructosans” of the laevan 
type. These laevans, consisting entirely of fructofuranose units are formed 
synthetically by the activity of a bacterial enzyme through the condensation of 
molecul(‘s of fructofuranose liberated in the nascent state in the initial hydro- 
lysis of the sucrose and raffinose. The foregoing organisms were thus only able to 
])roduce a polysaccharide from I'arbohydrates, e.g. sucrose and raffinose, con- 
taining fructofuranose units; and such sugars as maltose, lactose, glucose, 
fructose (fructopyranose) were found to be unsuitable starting materials for 
synthesis. Ac, xylinum (the 8orlx)se bacillus) synthesised cellulose [1931, 2, 4; 
1934] from various carbohydrates and polyhydric alcohols, and it was dis- 
covered that the forms of cellulose produced by bacterial synthesis from 
glucose, frurtose, galactose, sucrose, mannitol and glycerol were chemically 
identical, and also identical with cotton cellulose. 

The experimental work described in the present paper deals mainly with the 
problem of enzyme formation and polysaccharide synthesis by (1) bacteria 
related to B, mesenteriens and (2) bacteria pathogenic to plants. Apart from the 
work of Ruhland [1906], no systematic researches appear to have been carried 
out, so far, in connection with polysaccharide formation in the latter group of 
micro-organisms . 

Buhland studied the synthetic activities of B, spongiostis, an organism caus- 
ing disease in cherry trees in Germany, and stated that a pentosan of an araban 
type was formed by the growth of this organism in sucrose and raffinose agar 
media. On account, therefore, of the possible interest of the subject in plant 
pathology, and also because of the chemical interest of the phenomenon of 
pentosan formation by a micro-organism, an investigation on polysaccharide 
synthesis by plant pathogens has been carried out. Furthermore, very little 
information is available concerning the r61e of synthesising enzymes, the 
nutritional conditions essential for their formation in bacteria and also their 
activity. An investigation of the biochemical conditions influencing the develop- 

( 2267 ) 
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ment and activity of the synthesising enzymes in bacteria has therefore been 
undertaken, and the results obtained have been correlated with corresponding 
observations made with the hydrolytic enzymes, invertase and diastase. 

Methods of investigation. 

The general procedure consisted in growing the organisms at 37® or 30® 
according to the optimum temperature of the species in a sugar-peptone-salt 
medium of the following composition. 

Medium I [Hibbert et al., 1930]. 


/O 

Sucrose or other carbohydrate 10 

Peptone 0*1 

Somum phosphate (Na 2 HP 04 , I 2 H 2 O) ... 0*2 

Potassium chloride 0*5 


The preliminary experiments were carried out on a small scale in sterilised test- 
tubes or conic^ flasks. To avoid decomposition of the carbohydrates in con- 
sequence of boiling with the peptone, the sugar solutions were initially made up 
to 20 % strength with distiUed water only and sterilised by intermittent steaming 
for 30 min. on three successive days. The peptone-phosphate-salt mixture was 
made up separately to double strength and similarly sterilised. The two media 
were then transferred by means of sterile pipettes with aseptic precautions and 
mixed in equal volume, thus giving a resulting medium of the above composition. 
The following carbohydrates and polyhydric alcohols were employed in order to 
test the capacity of the organisms to synthesise polysaccharides ; sucrose, raffi- 
nose, maltose, lactose, galactose, glucose, fructose, mannose, arabinose, xylose, 
mannitol, glycerol. Raffinose being less soluble was used in 7 *15 % concentration. 

The organism under investigation was first cultivated in the sucrose-peptone 
medium (10 ml.) by transferring a small amount of the growth from the agar 
stock culture and incubating at the optimum temperature for 48 hours. One 
drop of this culture was then introduced by means of a platinum loop into each of 
the carbohydrate media employed, and these were then incubated for a period of 
10 days. Vigorous growth usually took place, but notwithstanding the turbidity 
due to growth, where polysaccharide S 3 mthe 8 i 8 had occurred, it was generally 
possible to detect the bluish opalescence characteristic of a colloidal solution. 
The cultivations were then filtered through glass-wool or filter-paper, to remove 
the gross bacterial masses, and allowed to flow into three times the volume of 
methyl or ethyl alcohol. If a polysaccharide had not been produced, only a 
slight turbidity resulted, but where synthesis had taken place a white pre- 
cipitate was thrown down. The supernatant liquid was poured off, the poly- 
saccharide product dissolved in a small volume of water and reprecipitated twice 
with alcohol to remove adherent sugar and mineral matter. It was then weighed 
and examined by chemical methods discussed later in thi^ paper. 

An investigation of the influence of various carbon compounds on poly- 
saccharide formation by R. mesentericus and other organisms from sucrose was 
first undertaken (a) to throw light on the conditions essential for the formation of 
the sjmthesising enzyme, (6) to ascertain whether new x)olysacoharide derivatives 
could be obtained by the linking of other sugars with the nascent fructo- 
furanose. Culture media were therefore prepared, consisting of the usual 10% 
sucrose-peptone-salt constituents, but containing in addition 7*6% concentra- 
tions of one of the following compounds: glycerol, mannitol, arabinose, rham- 
nose, galactose, mannose, lactose, maltose. B, meaentericua^ B, tnegaierium, or 
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the plant-pathogen, Ps. pruni, was subcultured into these media, and incubation 
was continued for 10 days. The results obtained were unexpected; maltose and 
mannitol increased growth and polysaccharide formation, whilst glycerol, 
rhamnose, arabinose and maimose entirely inhibited both these functions, and 
galactose slightly inhibited them. The mechanism of inhibition has been 
especially studied in the cases of mannose and arabinose. At first it was supposed 
that these inhibiting substances either suppressed the formation or retarded the 
activity of the invertase normally secreted by the organisms, thus preventing 
the hydrolysis of sucrose and formation of monosaccharides for growth and 
polysaccharide synthesis. This view had a certain measure of support by analogy 
with the results of some preliminary observations concerning the influence of 
certain carbon compounds on the diastatic action of B. megaterinm. This organism 
was cultivated in a basal medium, containing 0-2% peptone, 0*2% sodium 
chloride, 0*2 % starch, to which varying concentrations of polyhydric alcohols 
from 0*5% to 4% could be added. The diastatic action was measured by the 
incubation period at 37° necessary for the disappearance of the starch and 
intermediate dextrins in the culture media, as indicatf^d by the absence of a 
blue or red colour when a drop was removed and mixed with iodine solution on 
a tile. It was found that glycerol, mannitol and sorbitol inhibited diastatic 
action when present in the above concentrations, whilst glycol and erythritol, 
and also sucrose, glucose, galactose, mannose and arabinose were without 
effect. 

In the absence of the alcohols hydrolysis of the starch was complete within 
48 hours, but in the presence of glycerol, mannitol or sorbitol 96 hours were 
usually necessary. The inhibitory action of glycerol and mannitol was still 
observed in the presence of phosphate buffer (p^i 7*5), and was thus not duo to 
the deh^ttTious influence of pu changes on gi'owth or enz 3 nnic activity. 

In some further experiments the organism was first of all grown in the pep- 
tone-medium for 48 hoius in the absence of starch and polyhydric alcohols. 
These were then introduced into the cultui’es together with chloroform or a 
crystal of thymol to inhibit growth, and diastatic action was measured. It was 
now found that the presence of the alcohols was without effect. 

The organism was next grown in the peptone medium containing the poly- 
hydrii*, alcohol and phosphate buffer, but without starch. The latter was then 
added after 48 hours’ incubation together with th 3 unol, and diastatic action was 
determined. It was now found that the cultures containing the mannitol or 
glycerol hydrolysed the starch less rapidly than the control peptone culture. 

These experimental results lead to the conclusion that the inhibitory effect 
of the polyhydric alcohols on diastatic power is not due to any interference with 
the actual activity of the diastatic enzyme but is associated with a depressing 
action on the process of formation of the eiizjnno in the bacterial cells. The 
influence of mannitol and glycerol on the rate of growth of B, megaterium was 
therefore next investigated both by observing the turbidity of the cultures and 
by actual enumeration. It was found that in the initial stages of the growth of 
the cultures multiplication of the organism was somewhat inhibited, but in the 
later stages growth was increased in the presence of the alcohols, and the results 
are difficult to interpret. 

The observations made on diastatic action, however, suggested the possibility 
that the inhibitory effect of mannose and arabinose on polysaccharide formation 
already referred to might be due to their interference with the invertase secreted 
by the organism, and this hypothesis was tested by employing a culture medium 
in which the sucrose was entirely replaced by glucose (10 %), and also by using 
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the peptone-salt medium free from either sucrose or glucose, and containing only 
the inhibitory carbohydrate under examination. It was found that arabinose 
and mannose were still strongly antagonistic to gi’owth. These results pointed 
to the conclusion that their inhibitory power was not due to interference with 
the invertase function, since inhibition still took place in the absence of sucrose, 
and it would seem to be of the nature of antiseptic action. In this coimeotion it 
is interesting to note that Huang [1934] has found that mannose is more toxic 
to fibroblasts cultivated in vitro than is glucose, fructose or galactose. This 
interpretation is supported by the further observations that arabinose, glucose 
and galactose and also mannitol and glycerol in 2% concentration had no 
influence on the rate of hydrolysis of 2% sucrose by B. me^aterium>. The method 
employed consisted in estimating the increase in the amount of reducing sugar 
after incubation at 37° for 3 days. 

We have also investigated the effect of the preseuice of various carbohydrates 
on the formation of cellulose from sorbitol by ^4c. xylinum. The sorbose bacillus 
was grown in yeast-water, to which had been added 5 % of sorbitol, at 20° for 
10 days. The yeast- wat<>r w as prepared by boiling 1 part of yeast by weight with 
10 parts of water for 10 min., and filtering through a folded filter. 50 g. of sor- 
bitol were then dissolved in 720 ml. of the yeast extract, 182 ml. of distilled water 
were added, followed by 40 ml. of red wine and 8 ml. of glacial acetic acid, and 
the mixture w'as sterilised by boiling for 10 min. The culture medium was 
distributed in large Erlenmeyer flasks to a height of 2 cm. to ensure good 
aeration and again sterilised. The sorbose bacillus was then subcultured from the 
stock culture into the flasks by means of a platimim loop, and the flasks weit; 
allowed to stand at 20° for 10 days. The red wine was added to supply alcohol 
to the organism, in order to encourage growth, and the acetic acid was added to 
inhibit the growth of any contaminating moulds, which might possibly gain 
access [Schlubach and Vorwerk, 1933: Reichstein and Griissner, 1934]. 

After 10 days, a thick pellich* or membrane of cellulose was produced in the 
liquids. It was found that the addition of glucose, arabinose or mannose in 
5% concentration prevented the formation of a cellulose membrane, whilst 
galactose and fnujtose increased cellulose formation. In some further experi- 
ments arabinose in 3 % , and mannose even in 0*1 % , concentration perceptibly 
inhibited the growth of the organism and polysaccharide formation in 5% 
sorbitol-yeast-water medium. 

Hibbeit et al. 1 1931, 2, 4] showed that Ac. xylinum formed cellulose readily 
from many carbon compounds, e.g. glycerol, fructose e/c., but in only relatively 
small amount from sucrose. This is explained by the observation of Hermann 
and Neuschul [1931] that the organism has only a limited capacity to invert 
sucrose, thus producing only small amounts of monosaccharide for synthesis 
to the polysaccharide. Ac. xylinoides, however, exerted a much more powerful 
invertase action, and it was thus of interest to compare the synthetical capacity 
of this organism in building cellulose from sucrose. 

Ac. xylinoides was therefore cultivated in yeast- water media, containing 
respet^tively 5% sorbitol, glycerol or sucrose, at 20° for 10 days. In all cases a 
membrane was produced, and it was produced as strongly in the presence of 
sucrose as of father glycei’ol or sorbitol. A membrane was also formed from 
raffinose. The pellicles were collected and purified as before and retained for 
chemical examination and comparison with the corresponding material syn- 
thesised by the sorbose bacillus. 

The possibility of synthesis of cellulose from fatty acids by Ac. xylinum has 
also been investigated. As this organism produces a small amount of cellulose 
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from yeast- water, a basal medium of the following composition was employed 
[Hibbert ee al., 1931, 2]: 

1 g. asparagine, 

5 g. potassium dihydrogen phosphate, 

1 g. sodium chloride, 

dissolved in 1 litre distilled water. 

5% solutions of succinic, citric and malonic acids were prepared in this 
medium and the pn was adjustcxi to 5*0 with N sodium hydroxide. Ethyl 
alcohol was added to 0*5% concentration and Ac. xylinum subcultured into the 
media, which were then allowed to stand at 20® for 3 weeks. No membranes 
were produced, although a control experiment with 5% glucose and sucrose 
yielded a delicate cellulose pellicle. The experiments showed that under these 
conditions Ac. xylinum was unable to s^mthesise cellulose from the fattj^ acids. 
Further experiments using 2% solutions of other acids, c.g. tartaric, maleic, 
sebacic, adipic and glutaric acids, also gave negative results. 

B. nip^aterium was also unable to synthesise polysaccharides from fatty acids, 
e.g. 2*5% sodium acetate, malonate or succinate, nor did these substances in- 
fluence the formation of polysaccharide from sucrose The fatty acid salts also 
had no effect on diastatic activity in the case of B. rnegaterium grown in a 
peptone medium. 

With the exception of the section of work dealing with Acetobacter^ the con- 
ventional peptone medium (Medium I) has been employed throughout this 
investigation. It was now considered of interest to vary the form in which 
nitrogen was supplied in the media, as this change might influence the yield of 
polysaccharide produced and throw light on th() question as to the nutritional 
conditions essential for the formation of the synthesising enzymes. 

For this purpose the p(*ptone w'as replaced by amino-acids, amides and amine- 
derivatives, 0*1% solutions being employed. The following results have been 
obtained : 

In the cases of B. imgaierium^ Ps. pruni and B. syringae asparagine was 
quite as eflScacious as peptone as a source of nitrogen for polysaccharide forma- 
tion. The addition of asparagine (0*1%) to peptone, however, did not increase 
the yield of polysaccharide. 

The following results were obtained with B. megaierium: 

(1) Ammonium chloride, potassium nitrate, urea and a tetraethylam- 
monium salt were not suitable sources of nitrogen, no polysaccharide at all 
being produced and no growth when these substances were used in the place of 
peptone. 

(2) Only very slight growth and formation of polysaccharide occurred with 
glycine as source of nitrogen. 

(3) d- Alanine and Weuciiie were generally as efficacious as peptone for the 
synthesis of the polysaccharide, but not consistently so, as occasionally the 
yield of polysaccharide was distinctly less than that obtained when peptone was 
employed. 

It is seen that growth and polysaccharide formation both depend funda- 
mentally on the source of nitrogen supplied, but whenever growth occurred 
there was evidence of the simultaneous production of the synthesising enzyme. 
Analogous results were obtained in the case of the hydrolytic enzymes, diastase 
and invertase, secreted by B. megateriumy diastatic action being measured by 
the colour changes with iodine and formation of reducing sugar in a starch 
medium, and invertase activity by the production of r^ucing sugar from 
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sucrose. Whenever growth occurred, formation of the enzymes took place, as in 
the case of the synthesising enzyme. 

The organism AcJi^romohacter viscosum^ however, is much more limited in its 
growth capacity than S, megaterium as we have found that, whilst it develops 
satisfactorily in the sucrose-peptone medium, when the peptone is replaced by 
Z-leuoine growth is only slight, and growth does not take place at all when 
asparagine, glycine, d-^anine or synthetic alanine is employed as source of 
nitrogen. 

The organisms so far employed have been mainly B, mesentericuSt B, mega'- 
terium, and Pe, pruni. B» mesentericvs was shown by Hibbert to form a poly- 
saccharide of the laevan type, and we have now shown that a similar product is 
formed by B, megaterium and Pe. pruni. In both cases the polysaccharides after 
hydrolysis with acid yielded a sugar, which gave Selivanoflf^s reaction for 
fructose, formed gluoosazone with phenylhydrazine and was laevorotatory (see 
Tables I and III). 

It was thought that the investigation would be of greater interest if it were 
possible to study enzyme formation in organisms synthesising polysaccharides 
of wider physiological interest than fiructosans, such as pentosans, dextrans and 
galactans. Organisms of three classes have therefore been studied in regard to 
their capacity to synthesise polysaccharides. 

A. Aerobic sparing organisms from soil, air and' water. Hibbert and co- 
workers showed that the polysaccharides obtained by the action of B. mesen- 
tericus and B. subtilis were of the laevan type, containing fructofuranose as the 
only sugar unit. We have canied out experiments with several related organisms 
and in some cases were able to isolate a polysaccharide. 

B. megaterium, B. mycoides, B. panis, B. rumi'natus, and an unidentified 
organism resembling B. subtilis and isolated from the gum of a cherry tree, 
all produced when cultivated in the sucrose-peptone medium a polysaccharide 
yielding only fructose on hydrolysis. As in the cases of B. mesentericus and 
B, subtilis other sugars used in the place of sucrose gave entirely negative results. 
The results with B. mycoides were somewhat variable, as this organism occa- 
sionally failed to yield a polysaccharide. 

B. tumescens, on the other hand, consistently failed to synthesise a poly- 
saccharide, probably because it is deficient in invertase. It is thus unable 
to hydrolyse sucrose and liberate the nascent fructofuranose, necessary for 
the synthesis of the polysaccharide. 


Table I. 


Organism 

B, megaUrium 
B. mycoides 
B. panis 


Specific rotations 

A ■ , , ■ 

Polysaccharide Product of hydrolysis 

- 38 * 0 ° - 80 - 0 ° 

- 37 ' 0 ® - 87 - 0 '^ 


B. Plant pathogens. Investigations with these important organisms have 
been undertaken as already pointed out primarily on account of (1) the possible 
immunological significance of their specific polysaccharides, and (2) the (domical 
interest centred on the work of Ruhland [1906], who concluded that J5. span-- 
giosus. causative of cherry tree bacteriosis in Germany, produced a poly- 
saccharide of an araban type from sucrose. Wo have not been able to obtain a 
culture of this particular organism, but have studied certain micro«*organism8 
closely allied to J5. spongiosua and also several other bacteria known to be 
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Table II. Plant^-pathogena, 


(а) Organisms readily forming a polysaccharide from sucrose. 

p3. pruni 

Pb, pmnicola (from plum and cherry trees) 

Ps, mor8»prunorum (from plum and cherry trees) [Wormald 1930; 1932] 
Ps* aptatum 
Pa, campealre 
B, ayririgae 

(б) Organisms occasionally yielding a polysaccharide 

Pa, phoAeoli B. tabacum 

Pa, aolanacearuiri B. marginale 

B, caratovorua 


(c) Organisms consistently giving negative results 

B, amylovoras 
B, ba/rheri 
B, cannae 
B, malvacmrum. 

B, phytophthorus 


Pa, atewarti 
Pa, juglandia 
Pa. tumefiiciena, and also 
the non -pathogenic 
Badiobacter 


pathogenic to plants (Table II). From the results set out in Table II it will be 
seen that in quite a number of cases a polysaccharide was synthesised in a 
sucrose medium. With two organisms, Ps, pruni and B. syringaCy raffinose was 
employed and also yielded a polysaccharide, but in every case all the other 
carbohydrates previously mentioned gave entirely negative results. The capacity 
to form a polysaccharide from sucrose (or raffinose) only and not from any other 
carbohydi*ate employed is thus a specific property of all the plant-pathogens so 
far found to exhibit synthetical activity. A few of these organisms, e.g, B. 
caraiovorusy only occasionally yielded a polysaccharide product. The reasons for 
this variability, however, have not yet been investigated. A certain number of 
these pathogenic organisms, on the other hand, consistently failed to produce 
a polysaccharide from sucrose or any other carbohydrate under the experi- 
mental conditions. A typical case is that of Ps. tumefucienSy and it is interesting 
to note that the non-pathogenic form Radiobacter is apparently closely related 
with Ps, tumefaciens [Sager et al,y 1934], and is also deficient in synthetical 
power. 

Ps, tumefaciens being of pathological importance in inducing a form of cancer 
in plants, it was considered that it would be of interest to investigate its action 
on the metabolism of other bacteria. Accordingly, the influence of Ps, tume- 
faciens on polysaccharide formation by other organisms has been studied. 
Cultures of Ps. pruni, B, syringae, B, megaterium m 10% sucrose-peptone media 
were therefore set up, and into a certain number of these Ps. tumefaciens was 
introduced, incubation then being continued for 10 days. It was found that 
polysaccharide formation by the foregoing organisms was entirely suppressed 
in the presence of Ps. tumefaciens. However, it was subsequentiy observed that 
B. coli also interfered with the formation of polysaccharide by B. megaterium 
so that this is not specific to Ps. tumefaciens. It is of interest to note that when 
JB, megaterium was cultivated in sucrose-peptone, the p^ changed from the 
initial value of 8 to 6-5, owing to the metabolic production of organic acids. In 
the presence of Ps, tumefaciens or B. coli, however, the p^ remained unchanged. 
The amount of reducing sugar produced by B, megaterium through the inversion 
of the sucrose was also ^minished in the presence of these interfering organisms. 
It would appear therefore that the organisms inhibited the growth of each other 
when cultivated in mixed culture. 
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The polysaccharide products obtained in the above way were next examined 
chemically, with the following results : 

(i) The polysaccharides themselves were nitrogen-frcje and without reducing 
action on Fehling’s solution, but after hydrolysis with boiling dilute acids and 
neutralisation with NaOH marked reducWn took place. Hydrolysis seemed to 
proceed rapidly, as the opalescence due to the colloidal state soon disappeared. 

(ii) A portion of the acid solution (obtained by hydrolysing the polysaccharide 
with acid) was treated with solid sodium acetate and a few drops of phenyl- 
hydrazine, and the mixture heated in the water- bath for 20 min. Yellow crystals 
were deposited and were identified by microscopical examination and m.p. as 
glucosazone. 

(iii) The polysaccharides gave Selivanolf’s test when heated with resorcinol 
and HCl, suggesting the presence of fructose units in their molecules, PentoseKS 
were shown to be absent by failure to obtain either the colour reactions or the 
absorption spectra tests with orcinol and phloroglueinol. 

(iv) Optical activity. All the polysaccharides after hydrolysis with oxalic 
acid yielded a sugar, which had a specific rotation approximating to that of 
fructose. 

Table III. 

8jK‘oific rt)tationB 

Organism , > 

i'olysaccharide Product of hydrolysis 


Pfi. pruni 

-424° 

- 95-5 ’ 

Ps, prunicola (plum) 

— 

- 

„ (cberiy) 

— 

- 98-C'' 

Ps. 7mr8-prunorum 


- 92r>^ 

ps. aptatum 

— 

- K2-(P 

Ps. phaseoli 

— 

- 85-0° 

B. syringae. 

-4()-()' 

- 89 0 ^ 

B. tabacfU7n 

— 

- 80-0" 


Ruhland 11906] carried out his experiments on solid media, and in view of 
his results with B. spongiosus we therefore repeated our work with Ps. pruni and 
Ps. prunicola [Wormald, 1930] using 10% sucrose-nutrient agar. After 10 days’ 
incubation Ps. pruni had formed a hard horny growth on the surface of the agar, 
whilst that of Ps. prunicola was more fluid and gummy. The growths were 
carefully washed olf with a little cold distilled water and the filtered washings 
poured into methyl alcohol. In the case of Ps. pruni only a small amount of an 
impure gummy material was isolated. Better results were obtained with Ps. 
prunicola^ but even in this case the polysaccharide was less pure than when 
prepared in liquid media. The product, however, after hydrolysis yielded 
glucosazone with phenylhydrazine and gave Selivanoff’s reaction. It was not 
pure enough, however, for measurement of optical activity; even afto heating 
with acid it still gave a turbid solution. These preliminary observations £K)inted 
to the conclusion that the polysaccharides derived from the various plant- 
pathogens tested in this investigation were fructosans, i.e, contained fructose 
as the only constituent unit. There was no evidence that a pentosan was formed, 
as stated by Ruhland [1906] in the case of B. spongiosus. 

Two of the x^olysaccharides (from Ps. pruni and Ps. prunicola) have been 
prepared on a large scale, in order to obtain more precise knowledge of their 
chemical nature. In the case of Pa. pruni experiments were therefore carried out 
to ascertain the optimum concentration of sucrose for polysaccharide synthesis. 
Concentrations of 5, 10, 15, 26 and 30 % were used in the peptone-salt medium 
already mentioned. 30 ml. of each concentration were inoculated with a 
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48*hours’ sucsrose-peptone culture of Pa. pruni and incubated for 16 days at 37®. 
10 ml. of each solution were then run into 36 ml. of methyl alcohol, the poly- 
saccharide was allowed to settle down, the supernatant alcohol poured off and 
the residual polysaccharide dried at 37® for 1 hour and then in a vacuum over 
calcium chloride, and finally weighed. 

Table IV. 

Weight of polysaccharide 10 ml. 


oucrose 

r 

— — 


concentration 

8 days 


10 days 

/o 

g- 


g* 

f) 

0-038 


0-005 

10 

0-009 


0-118 

15 

0-114 


0*177 

25 

0145 


0-134 

30 

0*189 


0-392 


The yield of polysaccharide thus increased as the concentration rose and the 
period of incubation was extended. In the large scale preparation 20 % sucrose 
was selected and 14 days’ incubation. 

Similar experiments were carried out to discover wliether peptone was the 
most desirable source of nitrogen for polysaccharide synthesis. It was found 
that there was no advantage in substituting asparagine for peptone, or in 
supplementing the peptone supply with 0*1 % concentration of asparagine. 


Preparation of the poly saccharides. 

Ps. prvni. Seven litres of the 20% sucrose-peptone-salt medium were dis- 
tributed into large Erlenm(\yer flasks and sterilisc'd, inoculated with a 48 hours’ 
culture of Ps. pruni (in sucrose-peptone), and incubated at 37® for a fortnight. 
The opalescent solution was then filtered and concentrated to 1/4 bulk imder 
reduced pressure at 45®, The residual syrup was poured slowly with mechanical 
stirring into 2*5 volumes of methyl alcohol. The precipitated polysaccharide 
was dissolved in w arm water and reprecipitated twice wdth methyl alcohol. Jt 
was then gi*ound with alcohol to a fine powder, filtered, washed with alcohol and 
ether and dried in a vacuum desiccator. 146 g. of the polysaccharide were 
obtained, as a fine pinkish white powder free from reducing sugar. 

A further 6 litres of 20% sucrose-peptone medium was inoculated with 
Ps. pruniy and an additional amount of polysaccharide prepared to complete the 
chemical investigation. 

Ps. prunicola [Wormald, 1930], Six litres of 20 sucrose-peptone medium 
were inoculated with this organism and incubated at 25® for 3 weeks. The poly- 
saccharide was isolated by the same method as for Ps. pruni. The solutions after 
incubation were extraordinarily opalescent and the isolated polysaccharide 
was less soluble in water than that of Ps. pruni; yield 106 g. 

A chemical investigation of these two apparently different polysaccharides 
is at present being undertaken by Prof. W. N. Haworth and Dr E. L. Hirst, and 
their chemical structure is being compared with that of the “laevan ” synthesised 
by jB. mesentericus and B. suhtilis. 

G. B. coll and related organisms, B, coli and B, lactis aerogenes failed to 
produce a polysaccharide from any of the sugar-peptone media previously 
mentioned. In the presence of calcium carbonate to prevent the accumulation 
of organic acids in the cultures, B. lactis aerogenes synthesised a small amount of 
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a polysaccharide product from sucrose and galactose [c/. Emmerling, 1900]. It 
was not possible to isolate a sufficient amount for chemical investigation. 

An apparently similar organism [Beckwith, 1931; Sanborn, 1933] isolated 
from paper-slime also yielded an insignificant amount of polysaccharide in 
sucrose and galactose media. 

The following organisms failed to form a polysaccharide under the foregoing 
experimental conditions: Lactobacillus pentoaceiicus, Staphylococcus cremoris 
viscosi, Achrornobacter sp, Proteus vulgaris, B, maceraus. 

Summary. 

L Mannose and arabinoae inhibit polysaccharide formation from sucrose by 
jB. mesentericus, B. megaterium and Ps. pruni; and also by Acetobacter osylinum 
from sorbitol. This phenomenon seems to be due to a direct toxic effect on the 
cell and not to an interference with enz 3 nne mechanism. 

2. Glycerol, mannitol and sorbitol diminish the diastatic power of cultures 
of jB. megaterium, and this inhibitory effect appears to be due to a depression in 
the rate of formation of the diastatic enzyme in the bacterial cell. The action of 
invertase on the other hand is unaffected. 

3. JB. megaterium and Ac, xylinum do not synthesise polysaccharides from 
fatty acids, and these in the case of B, megaterium are without effect on diastatic 
action, 

4. The presence of peptone is not essential for polysaccharide formation 
from sucrose by B, megaterium., B, syringae and Ps, pruni, as this occurs as 
freely with asparagine, and usually with (/-alanine and /-leucine, as sole sources 
of nitrogen. The synthesising enzyme can thus be formed in the presence of a 
single ainino-acid, and this is also true for the formation of invertase and 
diastase by B. megaterium. With this organism on the other hand ammonium and 
tetraethylammonium salts, potassium niti*ate, urea and glycine arc^ not suitable 
sources of nitrogen for giuwth, enzyme formation or polysaccharide synthesis. 

5. Bacteria pathogenic to plants [ref. Table II] in many cases synthesise 
polysaccharides when grown in culture media containing sucrose. The poly- 
saccharides are of the fructosan type, containing fructose as the constituent unit, 
and appear to be analogous to the laevans formed by B, mesentericus and B, sub- 
tilis. So far no evidence has been obtained of the formation of dextrans or 
pentosans by plant-pathogens. 

6. Several aerobic spore-forming organisms, related to B, mesentericus and 
B, subtilis, also form similar polysaccharide products. 

7. Methods for the large scale preparation of the polysaccharides synthesiaed 
by the plant-pathogens, Ps, pruni and Ps, prunicola are described. 

This research has been carried out during the tenure by one of us (E. A. C.) 
of a Leverhulme Research Fellowship. 

The authors wish to express their thanks to Prof. W. N, Haworth and 
Dr E. L. Hirst, for their interest in the progress of the work; and also to Dr 
R. St John Brooks, Curator of the National Collection of Type Cultures; Dr 
H. Wormald, East Mailing Horticultural Research Station; Prof. H. Raistridk, 
London School of Hygiene and Tropical Medicine; and Prof, A. J. Kluyver, 
Delft, for their help in obtaining the cultures of micro-organisms employed. 



BACTERIAL FORMATION OF POLYSACCHARIDES 2277 


REFERENCES. 

Beckwith (1931). J* Bctct. 22, 15. 

Einmerliug (1900). Ber. rleutsch, chem. Oes. 33, 2477. 

Hibbert and oo- workers (1930). Can, J. Research, 3, 449. 

(1931, 1). Can. J. Research, 4, 221. 

(1931, 2). Can. J. Research, 4, 372. 

(1931, 3). Can. J. Research, 4, .596. 

(1931, 4). Can. J. Research, 5, 580. 

(1932). Can. J. Research, 1, 345. 

(1934). Cayi. J. Research, 10, 170. 

Hermann and Neuachul (1931). BlocMm. Z. 233, 129. 

Huang (1934). Folia. Pharm. Jap. 18, 122. 

Reichstein and Griissner (1934). Helv. Chim. Acta, 17, 311. 

Euhland (1906). Ber. deutsch. hot. Oes. 24, 393. 

Sager, Hendrickson, Baldwin and Piker (1934). J. Bad. 28, 571, 597. 
Sanborn (19.33). J. Had. 26, 373. 

Schlubach and Vorwerk (1933). Ber. deufsch. chem. Oes. 66, 1251. 
Wormald (1930). Ann. App. Biol. 17, 725* 

(1932). Trans, Brit. Mycol. Soc. 17, 167. 



CCLXIX. THE DISTRIBUTION OF CHOLINE. 


By JOHN PALMER FLETCHER, CHARLES HERBERT BEST 
OMOND McKILLOP SOLANDT. 

From the Department of Physiological Hygiene, School of Hygiene, 
University of Toronto, 

(Received August 1st, 1935.) 

Interest in the total choline content of animal and plant tissues has been 
aroused by recent investigations which have demonstrated the importance of 
choline as a dietary constituent. Previous estimates of the choline content of 
various tissues have been largely concerned with the determination of free 
choline [Alles, 1934; Guggenheim, 1924], More recently there have been some 
attempts to measure fi’ee and bound choline separately. The methods used for 
the separation of free and bound choline are complex and tedious and the 
separation is apparently unnec‘essary for the purpose of dietetic experiments 
on normal animals. Consequently an atkunpt has been made to evolve a reason- 
ably accurate and rapid method for the estimation of the total choline content of 
foods. The present paper is concerned with the details of the method devised 
and some of the results obtained with it. In addition to measuring the total 
choline content of many materials which have been incorporated in experimental 
diets for rats and dogs, the total choline content of the different tissues of the 
normal white rat was investigated. 

Method. 

After careful consideration of all the chemical and biological methods for 
the estimation of choline it was decided that extraction, acetylation and assay 
of the resultant acetylcholine, using the isolated intf'stine of the rabbit, was the 
most advantageous method for the present purpose. A description of the method 
finally evolved may be divided into two parts. First, the digcvstion of the tissue, 
hydrolysis of choline-containing compounds and extra(*tion and acetylation of 
the choline; second, the biological assay of the resulting acetyl chol inti. 

Digestion and acetylation. 

The hydrochloric acid digestion used by Best and McHenry [1930] for the 
estimation of histamine in tissues has proved to be equally satisfactory for the 
determination of choline. This procedure breaks up the tissue, hydrolyses the 
choline- containing compounds and extracts the choline without destroying 
measurable amounts. 

The technique finally adopted is as follows. 2~4 g. or more of fresh tissue or 
other material are rapidly weighed, minced and transferred to a J -litre, round- 
bottomed flask ; 20-40 ml. of 18 % HCl are then added and the mixture is boiled 
under a reflux condenser for 1 hour. After the boiling, 30-60 ml. of 95% ethyl 
alcohol are added and the mixture of water, alcohol, acid and ester is removed 
in vacuo at about 90'’. The residue is then washed with a small amount of 96% 
alcohol and finally with absolute alcohol. The alcohol is removed in vamo aa 
before. 
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The residue, which has been carefully dried after the final washing with 
absolute alcohol, is then acetylated by the method of Abderhalden and Paffrath 
[1925]. 25 ml. glacial acetic acid and 5 ml. acetic anhydride are added to the 
residue and the mixture is boiled under a refiux condenser for 2 hours. The 
a(jetic acid and anhydride are then removed in vacuo at about 90° and the 
residue washed once with absolute alcohol. The acetylated residue is finally 
transfen*ed to a volum<*tric flask by alteniat/C* small washings of alcohol and 
water until the total volume is 100 ml. This alcoholic solution is then diluted as 
required for assay. 

Each step in this procedure has been testecl by <‘ontrol experiments. The 
results of these experiments may be summarised as follows. 

1. Many experiments on the destruction of choline during tissue autolysis 
suggest that no special precautions are necessary to prevent loss of choline 
between thc^ time of death of the animal and the beginning of digestion of the 
tissue. 

2. Varying the time of acid digestion from 30 to 90 min. caused no change in 

value for the cholin(‘ (jontent of pancreas, suggesting that hydrolysis and 

cxtra(‘tion are complete in th(' shorter time. 

3. Pure clu^liiK' chloride is not measurably affected bv 90 min. boiling with 
18%H(T 

4. The method of acetylation r(‘peatedly gav(‘ perfect acetylation of pure 
choliiK* chloride solutions within tlu* limits of accuracy of the biological assay. 

5. Recov(‘ry of (‘hoiine chloride added to tissiu^s has always been complete 
within tlu* limits of accuracy of the method. 

The biological assag. 

'flu* isolated intestine of the rabbit was used as the test object for all assays. 
Tlu* int(*stin(^ was mounted in a flouble int(‘stine bath of conventional design and 
w'as bathed in Ringer -Tyr ode’s solution containing no glucose. Jt was found that 
lK*tti*r re.sults were obtained with the duodenum than with any other part of the 
int(*stino. The inl(*stine was definitely mon* reliable when removed under ether 
anaesthesia than when it was obtained from the dead animal. Purity of the 
Tyi’ode's solution and a(H*uracy of temperatun* control are of course essential 
to satisfactory assaying. 

All assays were done against a standard acetylcholine solution. The potency 
of this standard was frequently checkt'd against fresh solutions and against 
freshly acetylated choline. 

The accurac'y of the biological assay was tested by assaying other dilutions 
of the standard against that ordinarily used. The results of these tests never 
showed an error greater than 10% and there did not seem to be any significant 
constant error. To attain this accuracy it is essential that doses of acetylcholine 
be chosen which will cause a contraction which is about 75% of the maximum. 
Tlie concentration of acetylcholine necessary to elicit such a contraction varies 
considerably with different preparations but is usually one part of acetyl- 
choline in 1 to 3 X 10 ® parts of solution. 

In discussing the accuracy of the biological assay of the acetylated tissue 
residues, a great many interfering substances must b(* considered [Chang and 
Gaddum, 1933]. The prolonged heating and exposime to hydrochloric acid 
involved in the digestion process almost certainly destroy the adenosine de- 
rivatives [Drury and Szent-Gyorgyi, 1929], the substance P [Euler and Gaddum, 
1931] and callicrein [Prey and Kraut, 1928; Kraut et al., 1930]. Two samples 
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of creatinine were tested on the rabbit intestine. In doses up to 5000 times 
the usual dose of acetylcholine they caused no contraction at all. 

The method of extraction used does not destroy histamine so that all the 
histamine from the tissues appears in the final solution. The rabbit intestine is very 
insensitive to histamine, but in order to be certain that the histamine would not 
have any significant effect on the results the histamine/acetyleholine ratio was 
determined by direct assay. Ratios were also obtained for choline and betaine. 
The results of these assa^ys are given in Table I. 

Table I. Potency ratios determined with the isolnted intestine of the rabbit. 


Acetylcholine 1 

Aoetyl-j9*methylclioline 1-7 

Histamine 1,300 

2,700 

3,250 

Choline 3,500 

4,200 

5,500 

6,100 

Betaine 70,000 


The figures given are the dose of the mat.erial required to cause a contraction of the intestine' 
of the same magnitude as that caused by a unit dose of acetylcholine. 

Among other substances which might interfere are acetate ions and ethyl 
alcohol. In most of the assays performed the amount of acetylcholine present 
was so great that, in the solution actually used for assay, the concentration of 
these substances was entirely negligible. In all cases where the concentration of 
acetylcholine was low enough to suggest some danger of interference, the solu- 
tions were assayed both before and after the addition of atropine to the perfusing 
fluid. In addition to the assay after atropine, some of the solutions were assayed 
before acetylation. 

This combination of acid digestion, acetylation and assay on the isolated 
intestine of the rabbit seems to result in a method for the estimation of the total 
choline content of tissues which is quite specific for choline. The accuracy of the 
results obtained is probably limited chiefly by tlie aceuracjy of the biologic'al 
assay in all cases where the amount of choline in the substance being examine 'd 
is moderately large. Where the amount of choline present is very small the 
presence of interfering substances may produce an apj)reciablo error. The 
maximum error in the assay of the acetylated tissue n^sidues is apparently about 
± 15% since duplicate assays have occasionally differed by almost 30%. With 
careful technique difierenccs of this magnitude are very rarely encountered. In 
most of the present work duplicate assays were done on at least two samples of 
the material being analysed so that the average result should be correct within 
loss than +10%. 

Ebscilts. 

The results which are reported here include the total choline content of the 
tissues of the normal white rat, of a variety of other animal tissues and of some 
materials used in exjx^rimental diets for rats and dogs. In addition, many other 
total choline determinations, done by the method which has been outlined, have 
been or will be reported in other communications. [Best ei a/., 1934; Best, 
MacLean and Ridout, 1935; Best, Huntsman, McHenry and Ridout, 1935; 
McHenry, 1 935, etc,'] 
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The total choline content of rat tissues. 

The results of the choline estimations on rat tissues are given in Table II, 
The rats used were all young adult white rats of the Wistar Institute strain. 
They had been reared at the (Connaught Laboratories Farm on a commercial 

Table II. Total choline content of rat tissues. {Adult, white.) 


No. 

Tisauo 

No. of 
exps. 

Total 
no. of 
rats 

Average 
choline content 
mg./lOO g. 

1 

Spermatic Ouid 

2 

5 

514 

2 

Spinal cord 

2 

2 

370 

3 

Brain 

4 

10 

325 

4 

Adrenals 

0 

15 

304 

5 

CVrc^xdlum 

2 

5 

290 

0 

Ce re bral hemispheres 

.> 

4 

274 

7 

Liver 

28 

28 

200 

8 

Pancreas 

5 

14 

232 

{) 

Pituitary 

4 

8 

224 

10 

Kidneys 

8 

9 

202 

U 

Thyroid 

4 

11 

107 

12 

Lungs 

3 

f) 

164 

13 

Heart 

4 

8 

158 

14 

Lymjih glands 

1 

3 

152 

15 

Stomach 

3 

4 

152 

10 

Spleen 

4 

7 

151 

17 

Small intestine 

5 

<) 

142 

18 

J..arge intc*stine 

•) 

3 

139 

19 

Salivary glands 

T 

o 

131 

20 

Tongue 

2 

0 

123 

21 

Thymus 

2 

3 

113 

22 

Skeletal muscle 

4 

9 

100 

23 

Uterus 

3 

5 

74 

24 

Skin 

2 

2 

04 

25 

Bono 

2 

4 

44 

20 

Connective tissue 

1 

1 

40 

27 

Fat 

5 

(> 

23 

28 

Blood — Starved 

3 

4 

22 


Fed 

1 

1 

31 


No clififoronce was dot/ecttnl betwocii the choline contents of tissues from male and female animals. 

‘‘balanced ration The average weight of the rats used was about 200 g. The 
rats were starved for 24 hours before use. In most cases corresponding tissues 
from several rats were pooled for the choline estimations. 

The tissues are listed in the table in order of choline content. The results 
show that sperm-containing liuid from the seminal vesicles has the highest 
choline content of any tissue examined. This high choline content makes the 
values obtained for epidi<lymis, ductus deferens and seminal vesicles of little 
significancje since the result probably depends largely upon the content of seminal 
duid. 

The results obtained for the various parts of the central nervous system arc 
quite in keeping with the high phospholipin content of these structures. It is 
interesting to note that the adrenal gland has approximately the same choline 
content as the other structures of nervous origin. 

The average value given for the choline content of the liver is based on many 
more estimations than are the other results. In one experiment the livers of 
24 rats were tested individually. These rats had been on an adequate mixed diet 
and were fully grown, averaging 260 g. in weight. The average choline content 
of the livers of these 24 rats was 260 mg. per 100 g. of fiesh tissue. 
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The figure for the choline content of rat’s pancreas may be too low since 
considerable difficulty was experienced in separating the pancreas from the 
connective tissue in which it is embedded. 

The acetylated product from the lymph glands gave a very large, delayed 
contraction of the intestine after the contraction due to acetylcholine had 
subsided. This delayed contraction was not eliminated by atropine. Although the 
delayed contraction was not considered in calculating the result it is possible 
that the substance causing the contraction may have affected the result obtained. 

The fat used in the choline estimations was all intra-abdominal fat and was 
obtained from around th(‘ kidneys, testicles or uterus and from the mesenkTy. 

The total choline content of other animal iifi,sue.s, 

in Table HI ar(‘ given the total choline contents of a variety of tissue's from 
animals other than the rat. Most of these results requin* no comment. The 
results for the choline content of dog stomach wcie obt ained on material pre- 
pared for histamine assay [Gavin et al , 1933J. This y)roces.s involves neutralisa- 
tion and filtration, which is not includt'd in the ordinary teriinicpie for eholint' 
estimations, so the result may b(‘ slightl\' lowt'r timn would otherwise' be the cas(*. 


Table ill. Total choline content of rarions animal tesfuies. 





No. of 

('holme 



No. oi 

(icter- 

content 

Animal 

Tissue 

sum pies 

minations 

mg./ KM) g, 

Ox 

Liver 

1 

2 

•270 


Pituitary — Anterior Johc‘ 

3 

3 



Posterior IoIm.* 

3 

3 

217 


Pancreas 

7 

2(i 

230 


Musclt* 

1 

1 

7(> 


Blood (defibnnated) 

Fat 

1 

2 

3 

13 

0o-20 

Dog 

Liver 

4 

U) 

2:io 

fcjtomacii 

•> 

4 

90 


Blood (whole) 

*) 

11 



Pancreas 

1 

4 

280 

Baeon (cured sific bacon) 

1 

1 

44 


Fat (from cooking bacon) 

1 

2 

(> 


i.4ard 

I 

2 

1 

Codfish 

Muscle 

2 

•> 

78 


The total choline content given for dog’s blood is the avc'rage of 10 deter- 
minations on 5 sampl(?8 of bloocl from 4 diff(*rent dogs. The dogs were not starved 
before the blood was dj*awn. The results obtained ranged from 27 to 39 mg. of 
choline per KK) ml. of whole blood, with an average value* of 34 mg. per 100 ml. 

The total choline content of various foods. 

The total cholim? conk'nt of a considerabk^ numlxT of foods has been in- 
vestigated in a search for suitabJi* ingredients for low-choline di(*ts for rats and 
dogs. The results of tht* total choline estimations on some of these materials are 
given in Table l\\ Those substanct's which are stated to contain no choline 
contain less than Od mg. })er 100 g. of material. The acetylakxl products from 
sugar and potato starch caused a smooth, ra[)id contraction of the intestine, not 
unlike* that caused by acetylcholine, but this contraction w^as not diminished by 
atropine. Hence sugar and ])otato starch wvri* considered to contain no sig- 
nificant amount of (iholiiu*. 
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Table IV. The total choline content of various cereals 

and other materials used in experimental diets. Choline 

content 


Material 

Remarks 

mg./lOO g. 

Flour 

White wheat Hour 

140 

birtouit 

Spratt’s eommercial grade 

130 

Oxo 

Oommereial meat extract 

105 

Rioc» 

Polished 

94 

Milk powder 

Dried, skimmed milk 

<K) 

Bovril 

(Commercial meat extract 

78 

Rico (lour 

Various eommcnual brands 

73-65 

Case j nogen 

“Lister’s prepared casein" 

70 

Rone meal 

(Vjmmereial grade 

,30 

Washed bran 


28 

(V)rn stan*h 


25 

Uheese 

(^‘anadian cheddar 

19 

Egg albumin 


18 

Rico starch 

Various cominiTcial brands 

15-1-3 

Ruttc‘r 

Fresh eivamerv butter 

13 

Casoinogen 

Rritish Drug Houses, “fat- and vitamin-frec” 

3-5 

Egg 

Wiiite separated from hard-boiled eggs 

20 

t'cllu Hour 

(J round cellulose 

1 

Ed(‘stin 

PfanstiehJ, “pure*’ 

1 

Agar-agar 

Various commercial bramls 

1-6-0-8 

Crisco 

Hydrogenated vegetable oils 

0-4 

J'otato starch 

N'arious commercial brands 

0 

C’ane sugar 

Various commercial brands 

0 

Mazo la 

Refined corn oil 

0 

Olive oil 

— 

0 

Tabl(* 7\)fal choline content of viUimm concentrates and vitamin-rich foods. 

C^holine 

content 

Material 

Remarks 

mg./lOO g. 

Baker’s yeast 

Dried and powden*d 

270 

Brewer’s yeast 

Dried and powden'd 

240 

Hadioinalt 

64 

Turnip 

I’Vesh - used as source of vitamin C 

42 

Vitamin 1^ 
concentrate 

Pri‘pan‘d aceordiiig to method of Kinnerslcy 
and Peters (4 samples) 

22-8 

Ckid livcr oil 
concentrate 

\'itamin A---50U.(K>0, vitamin D — 3,000 In- 
ternational Units per g. 

Various eommereial bra mis 

14 

Tomato juice 

0*8-6*() 

Vitamin E oil 

llnsaponifiable matter of wheat germ 

40 

^"itan^in Rj 
concentrate 

Fuller’s earth adsorbate from an extract of 
rice polishings 

1-2 


In Ta})le V are given the total choline contents of a variety of vitamin-rich 
foods and vitamin concentrates which were investigated in (ionnection with the 
preparation of the diets low in choline. 

Summary. 

A method for the estimation of the total choline content of tissues is described. 
The method consists of digestion of the tissue with hydrochloric acid, acetylation 
of the extracted choline and assay of the resulting acetylcholine on the isolated 
intestine of the rabbit. The use of the hydrochloric acid digestion is the only novel 
part of the method. Acetylation and assay arc carried out by well established 
procedures. 

The total choline contents of the various tissues of the normal white rat, of 
several tissues from other animals and of many dietary constituents of both 
animal and vegetable origin have been determined by this method. 
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CCLXX. METABOLISM OF TISSUES 
GROWING IN CULTURE. 

VI. EFFECT OF RADIUM ON THE LACTIC 
DEHYDROGENASE AND ARGINASE SYSTEMS 
OF EMBRYONIC TISSUE. 

By BARBARA ELIZABETH HOLMES. 

From the Hir William Dunn Institute of Biochemistry, Cambridge. 

{Received August 12th, 1935.) 

In an carlk^r paper the effect of y-radiation on the metabolism of tissue growing 
in culture was described [Holmes, J033J. It was found that whereas the break- 
down) of sugars (glucose, galactose and laevulose) w^as considerably inhibited in 
the irradiated tissue, the production of ammonia and urea w’as not altered. The 
irrafliation given was roughly estimated to be sufficient to cause the death of tht^ 
tissu(* about 7 days after the dose of y-rays had been given. It will be remembered 
[Spinir, 1930] that the dos(^ of y-rays reijuired to cause instantaneous death is far 
grcnit-er than tliat rcijuircd to cause delayed death, and within limits, the length 
of time the cultures will live after irradiation depcuids upon the dose given. This 
curious fact makes the study of the metabolism of the tissues during the inter- 
m(‘diate period particularly int(*resting, as it is possible that it may give some 
indication of the damage the cells have rec^tuved. During the intermediate 
j>eriod growth and out wandering of the cells may continue normally for some 
time. Our cultures w^i*re only kept for 48 hours, and during this tim<' the extent 
of outw'andering of C(*lLs from the culture w^as not h^ssened, and the gross micro- 
scopical app(‘aran(‘(* (chromosomes not examined) was little altered. It therefore 
s(^emed that the mechanisms responsible for sugar breakdown were particularly 
vS(*nsitive to y-rays under our conditions, being affected before the movement of 
the cells was inhibited and Indore nitrogenous metabolism w^as altered. It should 
be added that cell division was not taking place in any of the cultures (control or 
iiTadiated), but merely outw^andering of shi^ets of epithelial cells and some fibro- 
blasts, and that this outwandering had previously been found to be accompanied 
by ammonia and urea formation in the cultures [Holmes and Watchorn, 1927]. 

On the other hand, Crabtree [1932] found that acTobic and anaerobic glycolysis 
of tissues in glucose-bicarbonate Ringer solution in a Warburg respiration 
apparatus w^ere not easily affected by radium, and that the respiration was much 
more sensitive. It is not jiossible to compare the actual doses given by (Vabtree 
with the ones used in the experiments just described, because Crabtree used 
mixed y- and hard jS-radiations. The exact amount of |8-radiation reaching the 
tissue cannot be calculated without the thickness of the glass vessels, the depth 
of fluid intervening, and so on, being known, and )S-radiation is known to be far 
more biologically potent than y-ra^ation. Nevertheless, some comparisons of 
my own work and Crabtree's are probably worth making. 

It is notable that in Crabtree's experiments a considerable drop in respiration 
caused by exposure to radium did not lead to an increase in aerobic glycolysis, 
although (judging by his figures for anaerobic glycolysis) the glycolytic mechanism 
was not impaired to nearly the same extent as the respiratory mechanism. This 
might be explained on the idea put forward by Laser [1934] that the small 
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amount of respiratory activity remaining may be just that part of the cell 
respiration which is responsible for suppressing aerobic glycolysis. 

On the other hand, it is possible that after irradiation, when the respiration is 
much lowered, there is also a much smaller aerobics breakdown of glucose. This 
would be disclosed by estimating the amount of glucose disappearing instead of 
estimating only the amount of acid appearing. If it should prove to be the correct 
explanation of Crabtree’s 6gur(\s,hi8resultsaud mine would be mutually (*on!irma- 
tory, since 1 also find a decreased breakdown of glucose undt'r aerobic conditions 
after irradiation. 

Use of ihe tissue culture wethod. 

There are definite advantages and also definit^^ disadvantages in using the 
tissue (‘ulture technique instead of the ordinary respiration technique for work 
of this sort. 

For work of the type described in this paper it is obviously us(‘ful to have the 
tissues under conditions which are known to be suitable for prolongc'd life, to be 
able to observe the effects of irradiation or other tre^atment on the gi'owth and out- 
wandering of th(* cells and to be able to continue the experiment for some* days 
after irradiation if nec^essary. It was imp>rtant in these experiments, for instance, 
to observe the tissues for 34 hours after the 14 hours' irradiation was compkded, 
and to see that the dose given had not been sufficic^nt to curtail the c('ll move- 
ments or cause obvious microscopic changes in their appearance. 

Against the use of the tissue culture method it must be said that probably 
metabolic reactions are not pro(*eeding at their optimum spcu^fl. sinw tli(‘ atmo- 
sphere is air and not oxygen and the cultures are not usually shaken, alt hough it 
is possible to arrange to shake them at intervals [Laser, 1932J. or at the end of the 
experiment for the purpose of measuring respiration or fermentation. It is well 
known from respiration experirmmts (Dixon, 1034] that iht* rate of respiration 
may be considerably affected by the rate of shaking, since this determines to 
some extent the speed at which oxygen diffuses into the tissiu^s and tlu^ sfx^ed 
at which fresh substrate b(‘Conu‘8 available and metabolic products arc^ nmioved 
from the near neighbourhood of the tis.siie. 

From this j>oint of view^ it would be of interest to repeat our forrnctr (*xi)eri- 
ments in an atmosphere of oxygen, wiiich w^ould ensure a more rapid ditfusion 
of this gas, but some workers are of the opinion that an atmosphere of oxygen 
inhibits growth in cultures. The condition of partial anaerobiosis which probably 
exists in parts of the cultures may not be abnormal for embryonic tissue, since 
low oxygen tensions an* exp(»rienced by the foetus in ufero. It does, how(*ver, 
make comparison of experiments done in tissue eultun^s witii those done in a 
respiration apparatus very difficult. 

The question of the retarding of metabolic reactions in the cultures on 
account of slow diffusion of oxygen and other nettessary substances is mentioned 
here because it may limit the detectable effects of irradiation. For instance, it is 
possible that if un^a and ammonia formation were proceeding at the greatest 
possible speed, it might be found that irradiation with y-rays did produce an 
inhibition, whereas in our exjx^riments no inhibition was found. The same 
considerations apply to the ex[X!riments on arginine breakdown described in this 
pap<>r. There is some evidence that these considerations apply less than might be 
expected in cultures where active out wandering is going on, as in our “growing 
cultures”. No doubt the actual movements of the cells and the fact that they 
spread themselves over a considerable area and in a very thin layer, make the 
availability of oxygen and substrates greater than in inert cultures, and this may 
partly account for the considerable differences in metabolic activity we have 
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always found between growing and non-growing cultures [Holmes and Watchorn, 
1027 ; Watchorn and Holmes, 1927]. 

Some attempts were made to avoid these difficulties by measuring the respi- 
ration of the cultures transferred to a respiration apparatus after the completion 
of the 14 hours’ irradiation from the 300 mm. plaque and also after irradiation 
with radon. After 14 hours th(' respiration of both the control and th(^ irradiated 
cultures was low, but that of the irradiated cultures was not consistently lower. 
Sometimes th(‘ irradiation reduced the respiration by abouf- 50% and sometimes 
it had no ('ifeel. These experiments w(‘re soon discontinued, but later ex])erience 
suggests that if tin* irradiation were (^arrie<l out at- room temj)crature far larger 
doses (‘ould be given without the oxygfu uptake of control tissue falling off 
seriously, and no doubt morv consistent results could ilum be obtained. 

Then* is a definite sugg(*stioii that the cultured tissiu's are less sensitive to 
irradiation than the tissues in glucosc‘-bi(‘arbonate Kinger’s solution. It is not 
])ossible to draw this conclusion with certainty, however, sinc<' the amount of 
/8-radiation rea<‘hing tin*, tissues in (Vabtree's experiments is not known. 

From tlie work of ( Crabtree 11032), ('rabtree and Cramer [1934), Frik and 
PoseuuT 1 192(i| and from m> own experiments it seemed plain that the effect of 
y-radiat ion upon the r(*spiratory systems, and particularly those connected with 
(‘arbohydratc oxirlation, shouhl be studied further. It was suggested to me by 
Prof. Ktdlin that the lactic (h*h ydrogenase system might prove to be particularly 
sensitive. 

Experimentfi with lactic (lehifdroycnasc. 

The usual (*ultures of (‘inbryo rat kidm^y tissue were exposed to the same dose 
<^f y-radiation as that used for the earlier work (14 hours^ cjxposure at a distance 
of 0*5 (‘in. to 3(K) mg, eleiiu^nt (‘ontained in a platinum capsule 0*3 mm. thick) and 
at the (‘ud of tlu' 14-hour [leriod were put into vacuum tubes and tested for their 
deliydrogenasc activity in tin? presence of lactate by the usual meth^ylene blue 
techni((U(‘.* On two occasions this was tried, and the irradiated culture showed 
no ehangt' of redin tion time when compared with the (control culture. The 
amount of tissue w^as small and th(‘ reduction very slow in both cases, and it was 
thercTore dc^(ud<*d not to use the (ndtur<' method for these' ('xperimc'iits. Instead, 
miiuM'd tissue was placed in small flat- bottomed tubes; the area of the bottom 
of the tubes was almost exactly the same as that of the top of the capsule 
containing the radium. The depth of tissue in the tubes was about 0-5 cm. and 
thus much greater than the dejith of tissue in the cultures, and in order to secure 
a sufficiently large dose of y-radiation throughout the depth of tissue, the tubes 
woTO placed directly upon the capsules and the time of exposure increased to 
H) hours. The whole experiment was carried out at 37^. The control tub(\s were 
kept in the same incaibator, but were screened with lead blocks. 

It has been our usual practice to use rat embryos as nearly as possible at 
term, since the amount of kidney tissue a vailable is otherwise too small. On one 
occasion the rat was killed about 5 days before term, and it was therefore 
necessary to use brain tissue instead of kidney for the irradiation experiments. 
On this occasion it was found that the reduction time was very much prolonged 
by the irradiation. This suggested either that the lactic dehydrogenase system of 
brain tissue was more sensitive than that of kidney, or that the younger embryo 
tissue was more sensitive than that of embryos at term. 

1 Experiments carried out with and without added lactate suggest that a considerable pro- 
portion of the dehydrogenase activity of the tissue is, in fact, due to lactic dehydrogenase. Some 
inaccuracy is no doubt involved in speaking throughout this paper of “lactic dehydrogenase’* 
when other dehydrogenases may also be concerned. 
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To test this point, the brain tissue of embryos at term was next exposed to 
the radiation, and it was again found that the reduction time was unaltered. It 
therefore appeared that the sensitivity of the lactic dehydrogenase system was 
considerably greater in the embryos 5 days before term than in those at term. 
This result was repeated six or seven times at each age and was confirmed. 

The range of embryonic ages at which it is possible to carry out the experi- 
ments is limited by the need for a reasonable amount of tissue, and whilst it so 
happens that, with the breed of rats in use in this laboratory, there is a sharp 
change in sensitivity during the last 5 days of gestation, it is not likely that it 
will occur at just this stage in all breeds. In fact, on the two or three occasions 
when we have used albino or brown and white rats instead of the black and 
whites, the tissue of the embryos at term has proved to be still sensitive (in 
respect of its lactic dehydrogenase system) to the y-radiation. 

Brain tissue from the chick embryo is far more satisfactory from the point 
of view of affording a wider range of ages. The experiments were repeated once 
with 8- and once with 18-day eggs and it was found once mon‘ that tbc‘ reduction 
time of the 18-day tissue was unaltered, whilst that of the 8-day tissue was 
increased 100%. 

The examples given in the first part of Table I are quite typical, and if will be 
noticed that the reduction time of the young embryo tissue was usually doubled 
after irradiation. The large difference in reduction times between the various 
experiments is due to the use of different amounts of tissue. 

Table I. 

jReduction time in min. 

Increase 


Control 

Irradiated 

o/ 

/O 

Experiments at 37 

Tissue 

0 

40 

50 

25 

Rat at term 

120 

150 

25 

Rat at term 

25 

23 

0 

18-day chick embryo 

.150 

>480 

>.3rK) 

Y oung rat embryo 

30 

60 

100 

Young rat embryo 

30 

60 

1(X) 

8-rlay chick embryo 


Experiments at room t-emporaturo. 

13 

17 

30 

Rat at tcTm 

15 

17 

13 

Rat at term 

*10 

*19 

♦90 

*Rat at terra 

iU 

14 

23 

IH-day chick embryo 

23* 

50 

117 

8-day chick embryo 

23 

38 

65 

Young rat embryo 

8 

16 


Young rat embryo 

5 

n 

50 

Adult rat 


It was found that when the irradiation was carried out at 37"^ the reduction times 
of both the irradiat(»d and tlie control tissues were enormously larger than that 
of fresh tissue, being half an hour to an hour instead of about 3 min. Tissues 
kept overnight at room tem}>erature did not lose their reducing power to any 
great extent, and it was therefore decided to repeat the irradiation experiments 
at room temjx^rature in case the condition of the tissue and of the dehydrogenase 
systems was a determining factor in their sensitivity to y-rays. The results are 
given in the lower half of Table 1 ; the amounts of tissue taken were smaller and 
the amounts of dye larger than in the first experiments, so that the difference 
in dehydrogenase activities between the tissues kept at 37*^ and those kept at 
room temperature ki greater than appears from the Table. 
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The number of experiments done at room temperature was not large enough 
(they are all included in the Table) to allow of any certainty, but it did not appear 
that the conditions ^p'eatly altered the sensitivity of the dehydrogenase systems 
to radium. The lactic dehydrogenase of the young tissue was still more easily 
affected than that of the tissue from older embryos, although in one case 
(marked #) the reduction timt? of the tissue from an embryo at term was doubled 
by the exj) 08 ure to y-radiation. On one occasion only was the tissue from a 
young chick egg found to be insensitive to y-rays at room temperature; this 
(‘xample is not included in the Table, as there was a definite possibility that the 
tissiK^ was damaged by accidental overheating. 

It is of course obvious that before this difference in response to y-radiation 
between young and old embr^^o tissues can be regarded as definitely proved the 
experiments must he ri'peated a great many times. Unfortunately that is not 
possible under the ])rest'nt conditions of work. Experiments with radium have 
always suggested considerable variations in sensitivity between individual 
tissues and no doubt some cases would be found whf^re the lactic dehydrogenase 
of young tissue was less sensitive and that of older tissue more sensitive than 
tisnal. ( )n th(» other hand, in view of the fact that some workers have considered 
that (‘inbryo tissue* is more €‘asily killed by irradiation than adult tissue, it would 
he well worth v hile (*stablishing definite differerujes of this sort in their metabolic 
r(\sponse to irradiation. 

Of much gre^ater immediate interest is the question of what part of the* lactic 
dediydrogenaso system — enz>Tne itself or the co-enzyme — is destroyed by 
y-rays. One* or two preliminary experiments have suggested that it is the oo- 
enzyme tliat is d(\stroyed in tin* s<*nsitive tissues. Tlie addition of eo-zymase to 
the tissu(\s increased the rate of methylene blue reduction of the irradiated tissue 
up to the normal level. It is liojwd to investigate this point further in the future. 

Experiments with arginasc^ 

In view of the observation tha t urea and ammonia production in cuiltures was 
not alteu’ed by the dose of y-rays given it seemed worth determining whether 
arginase, which is in all probability one of the enzymes concerned in the urea 
formation, was similarly unaffected. Arginine was added to the cultures at the 
beginning of the experiment, and the total urea and ammonia estimated at the 
end of 48 hours. Part of the urea and ammonia found would of course be due to 
the ordinary metabolic processes of the cell, but the figures obtained were greatly 
in excess of those found in the absence of added arginine, and a large proportion 
of the total urea+NHg-nitrogen found must be accounted for as urea formed 
from arginine. This is especially the case in Exps. 161 , 162 and 164, where glucose 

Table II. Arginase experiments. 

Total un'a- and ainmonia-nitrogen in eulturcB in lug. 




Control 

Irradiated 

Difference between ir- 

Exp. no. 

Control at 0® 

culture 

culture 

radiated and control 

159 

0 097 

0*161 

0*204 

+ 0*053 

160 

0*073 

0*184 

0*192 

No difference 

101 

0 066 

0*180 

0*180 

No difference 

162 

0*071 

0*240 

0*196 

-0*044 

164 

0*090 

0*190 

0*213 

+ 0*023 


14 hours’ 

days 

3 days 



incubation 




169 

0*110 

0*171 

0*171 

No difference 
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was present in the medium, and the ordinary formation of urea and ammonia 
would therefore have been very small [Watchorn and Holmes, 1927], 

It can be seen that the irradiation had no effect on the breakdown of arginine. 
It is worth mentioning that on two occasions the glucose was also estimated and, 
although the amounts broken down were too small for great accuracy, it ap- 
peared that glucose breakdown was as usual inhibited by the irradiation whilst 
the arginine breakdown remained unalten'd (Exps. 161 and 164). 

In order to make certain that anj- impairment of arginase activity would 
become obvious in the experimi‘ntal conditions, Exp. 189 was undertaken. On 
this occasion the concentration of arginine was high (4(H) mg. arginine hydro- 
chloride per 100 ml. Ringer’s solution, i.e. 8 mg. in each culture), the medium was 
stirred at the end of 14 hours, and the estimation on one culture w^as made at the 
end of 14 hours, the others being left for 48 hours as usual. It was hoped by 
this means to secure sufficient access of the substrate to tlu' arginase and also 
to demonstrate that arginine breakdown was still continuing after the full dose 
of irradiation had beem received, as in fact proved to \ye the case. 

These cultures were made in the ordinary w^ay in 2 ml. of embryo extract in 
pyrex ffasks, the embryo rat kidney tissue being supporte<l on cotton-wool 
strands. 

In connection with the effect of irradiation on nitrogen metabolism, numtion 
should be made of Lawrie’s [1935] paper on th(‘. effe(‘ts of y-rays on the ammonia 
production of Bodo camlatus, as this illustrates very w^(‘ll the fact that complf‘tely 
different effects can be obtained by varying the dose of y-rays. 

Summary. 

1. The advantages and disadvantages of the tissue* culture method for 
studying the effect of irradiation on tissue metabolism are discussed. 

2. Experiments are described showing that the la(*tic dehydrogf*nase system 
in the tissue of young embryos is more easily damaged by y-rays than that in the 
tissue of older embryos. 

3. Reference is made to preliminary experiments wiiieh suggest that tlu* 
part of the dehydrogenase system injured by the y-rays may be the <*o-enzym(*. 

4. Experiments are descril>ed showing that the arginase activity of a tissue 
culture is not impaired by a dose of y-rays which is sulffcient to cause eonsidtr- 
able inhibition of glucose breakdown. 

I have to thank the Medical Research Council and the British Empin* Cancer 
Campaign for personal grants given w^hilo this work was in progress. 
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OF THE CEREBROSPINAL FLUID. 
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A M MBKU of paptTH lidvc ap|K'ared in recent years on the relationship between 
tlu^ eonstituentH of the cerebrospinal fluid and the blood serum. Calcium, 
inagm\simn, y)otassium and inorganic phosphorus hav(* all been studied more or 
less ext(Mi.siv(dy, but inorganic sulphur, as El(»xner 11934] has pointed out, has 
be(*n Iarg(*ly neglected. Mestrezat [1912] was probably the first to estimate the 
sulphui* of een’brospinal fluid, but his values were probably much too high 
(49 -90 mg. S().j f»er lOO ml.), and he did no parallel investigation of the serum. 
Sl(\ver-Biseh |1922| staled that the cerebrospinal fluid suljdiur was higher than 
that of th(* st*rum, both normally and in tw^o jiathologieal non-nnmingeal cases. 
Th(‘ serum values rangi^d I'roin 12 to 22 mg. II2SD4 per 100 ml. and the corre- 
sponding c<‘rebros{)inal fluid values were 20-98 mg. H2SO4 per 100 ml. These 
figures for sennii were later shown to be too high [Heubner and Afeyer-Bisch, 
1920 1 but no correction w'as made for the cerebrospinal fluid. Haurowitz 
(1923) found an average* value of M rng. S per 100 ml. for the total sulphur of 
the cerebrosi)inal fluid {i.e. inorganic sulphur + protein sulphur) of wliich he 
calculati*d that ajiproximately four-fifths was inorganic. He compared this with 
th(* normal serum values given by Heubner and M(*yer-Bisch [1921] and con- 
eludt^d that suljihur did not enter the cerebrospinal fluid solely by ultrafiltration. 
As stated abov(* Heubner and Aleyer-Bisch [1920] later pointed out that the 
figur(*s taken for serum at that time were too high, and actually the value found 
by Haurowitz for the ce*rebro8pinal fluid was about equal to that of normal 
serum which various workers have now^ established to be 0*5-1 -5 mg. of S per 
1(K) ml. Th(‘ results of Haurowitz might therefore lx* taken to support the origin 
of cerebros])inal fluid by ultrafiltration. 

Very little wx)rk also has been carried out on the partition of sulphur between 
s(‘rum and ocular fluids. Heubner and Meyer-Bisch [1921] concluded that ocular 
fluids contained less sulphur than serum ultrafiltrat(*s, and Tron [1928] concluded 
similarly that ocular fluid contains less inorganic sulphur than the serum. Dukc- 
Elder ( 1927, 1,2], however, found rather more sulphur in the aqueous humour 
than in serum and considered that the aqueous humour represented a serum 
dialysate or ultrafiltrate. There is therefore experimental disagreement as to 
whether the aqueous humour should be regarded as obtaining its sulphur by 
secretion or by ultrafiltxation, and the cerebrospinal fluid equilibrium clearly 
requires further investigation. 

Methods and technique. 

Human material only has been studied and all of it has been obtained from 
in- and out-patients of King^s College Hospital. The blood was taken from an 
anticubital vein with the minimum amount of constriction, and the fluid was 

( 2291 ) 
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withdrawn immediately afterwards. Cerebrospinal fluid was obtained by lumbar 
puncture. Ventricular fluid was taken by ventricular puncture under gas and 
oxygen anaesthesia, but otherwise no anaesthetics have been employed. Tlie 
samples were not taken at any particular time of the day or in any definite 
relation to a meal. The blood was allowed to clot at room temptTature and the 
serum was separated as soon as the clot had retracted. Serum and fluid were 
then transferred to small bottles and dispatched to Cambridge for analysis 
[MeCance and Watchorn, 1931]. A description of the membranes, ultrafiltration 
technique and other points of detail may be found in previous papers by th(' 
authors [Watchoni and McCance, 1932; 1933 ; McCance and Watchorn, 1932]. 

The method used for estimating inorganic sulphur was essentially tliat of 
Cuthbertsoii and Tompsett [1931], but some modifications were introduced. The 
proteins were precipitated by adding an equal volume of 20 % trichloroacetic 
acid to the undiluted serum [Hubbard, 1930; Cope, 1931], The precipitate was 
filtered through acid- washed filter-papers. The commercial acid -washed pai)ers 
were found to contain appreciable amounts of sulphur and were re washed with 
dilute acetic acid. Considerable difficulty was encountered in the washing of 
the benzidine sulphate precipitate. No means of removing the supernatant wash- 
fluid could be devised which did not tend to disturb the j)recipitate and to lead 
to a loss which, though unimportant in relation to large prc'cipitates, formed a 
considerable percentage error in the case of the small jirecipitates. The difficulty 
was finally fairly satisfactorily overcome by washing with a mixture of acetone 
and water (80 ml. of acetone made up to 100 ml. with sulphur-fm^ distilled water). 
This modification has been followed also by Pirie (1934, 2]. Tlu* suggestion of 
Cope [1931] that the centrifuge-tube should be drained over filter-paper moistened 
with acetone was found to be useful, as it prevented eva])oration of acetone 
before drainage was complete and consequent deposition of btrizidine on the 
sides of the tube. The mouth of the tube should be^ wijx^d dry with filter-paper 
before turning the tube into the upright position. Alterations wore also introduced 
into the colorimetric part of the determination, chiefly in ordr^r to avoid the 
awkward measurements of Cuthbertson and Tompsett. 1 ml. of 01 sodium 
nitrite was added to the benzidine sulphate dissolvenl iii N HCl, followed by 
5 ml. of alkaline thymol solution (0*5% thymol in 10% NaOH). As stated by 
Pirie [1934, 1, 2] the additional 15% XaOH is unnecessary and if also retards 
the colour production. When very small amounts of sulphur were being estimated 
3 ml. of the alkaline thymol w^ere used to obtain a smaller volume and conse- 
quently a dcejKjr colour. With all possibh^ precautions the method did not always 
give good du])licates, and this was particularly so when the amounts of sulphur 
w^ere small. 

The range of very low valueKS for normal scrum inorganic sulphur given by 
Cuthbertson and Tompsett [1931] have not been confirmed. The few normafs 
examined fell within the range given by other workers (Cope, 1931 ; Denis, 1921 ; 
Loeb and Benedict, 1927 ; Udaonda et aL, 1933], i,e. 0-5-P5 mg. of 8 per 100 ml. 


Table I. Serum compared with plasma. 


Serum 

mg. 8 per 100 ml. 

3*2 

19-2 

2*2 

0'7 

9-3 

1-4 


Plasma 

mg. 8 per JOO ml. 

4-3 

19*5 

21 

0^6 

10*0 

1*4 
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Before starting the series of experiments described below, a number of com- 
parisons were made between serum, obtained as above mentioned, and plasma. 
The latter was obtained by centrifuging the blood immediately on withdrawal, 
minimum amounts of pure sodium oxalate being used to prevent coagulation. 
Table 1 shows that it is immaterial whether serum or plasma is used for the 
estimation of inorganic sulphur and that no breakdown of organic sulphur takes 
place during the separation of the serum. 

Results. 

In Table II are given comparisons of the inorganic sulphur in serum, serum 
ultrafiltrates and cerebrospinal (lumbar puncture) fluid. The cases have been 
arranged into tliree groups: Group (a) General neurological disemes. In these 

Table II. Comparison of the inorganic sulphur in serum, 
serum uUrajiltrates and cerebrospinal fluid. 

Inorganic S (mg. per 100 ml.) 



Serum ultra- Cerebrospinal 

Diagnosis Serum filtrate fluid 


(a) (leneral neurological diseases 


( 'erebral tumour 

2-4 

2*1 

0*7 

99 

2*2 

2*9 

0*0 

99 

1-4 

1*4 

0*5 

Acute alcoholic iMusoning 

0-7 

0-7 

0*2 

G.P.l. 

2-0 

2-7 

0*9 

tluvenih’ GMM, 

20 

— 

0*4 

Tabes 

2-3 

1-9 

0*7 

Congenital syphilis 

3*5 

2*9 

0*9 

ProgrossiTe muscular atrophy 

10 

— 

0*9 

Musculai atrophy 

2*9 

— 

0-5 

Disseminated sclerosis 

1-5 

1*2 

0*7 

99 

1-8 

2*6 

0*7 

H opato- lenticular degeneratiou 

2-0 

2*4 

1*0 

Facio-scapulo-humeral myopathy 

1-4 

1-2 

— 

3rd nerve palsy 

1-7 

21 

0*8 

Cervical ncuntjs 

1-2 

1-2 

0*3 

Dialwtic jHjnpheral neuritis 

2*2 

2-5 

0-5 

Amyotrophic lateral sclerosis 

1-8 

2*2 

0*3 

Parathyroid tetany 

1-0 

1-8 

0*3 

Uncertain 

1-5 

— 

0*7 

»)• 

2-9 

— 

0*7 


1-8 

1-9 

0*3 

Average of sera with corresjxmding C.»S.F. 

2-0 

— 

0*6 

Average of ultrafiltored sera 

1-9 

2*0 

— 

(6) Chronic interstitial nephritis 

Uraemia 

24-2 

280 

4*5 


19-2 

19*2 

3*6 


35-1 

— 

10*3 


3-3 

— 

0*5 


9-3 

— 

2*9 


3*0 

3*3 

0*9 


8-9 

— 

2*1 

Average 

14*7 


3*5 

(c) Menmgeal inflammation 

Tuberculous meningitis 

•t 

0-7 

0*9 

0*5 

l-O 

1-3 

0-7 


3*4 

— 

2*9 


1*0 

— 

1*5 

*> 

0-8 

— 

0*3 

»» 

2*1 

■— 

0*3 

Average 

1*0 

•— 

M 
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the inorganic sulphur of the serum averaged 2 mg. of S. per 100 ml. and all of it 
was ultrafiltrable. The cerebrospinal fluid however averaged only 0*6 mg, S per 
100 ml., which is between one-third and one-fourth of the serum or ultra- 
filtrable value. The range of cerebrospinal fluid values has been found to be wider 
than that shown by other inorganic constituents [McCance and Watchorn, 1 931 ; 
Watchorn and McCance, 1932; 1933]. This may be due partly to a larger experi- 
mental error in the method of analysis, and this may also explain the greater 
fluctuations in individual ultrafiltrates figures compared with those for the 
corresponding sera. The range of serum values in these miscellaneous cases 
corresponds w ith those found by others [Loeb and Benedict, 1927 ; Udaonda ct aL, 
1933; Wakefield, 1929]. 

Group (b) Chronic interstitial nephritis. It has already been shown many 
times fHaurowitz, 1923; Loeb and Benedict, 1927; Meyer-Bisch, 1924; Kahn 
and Postmontier, 1925; Denis et aL, 1928; Wakefield and Power, 1931] that the 
inorganic sulphur of the serum is increased in renal insuflieieney. Tlie whoki of it, 
however, appears to be ultrafiltrable. The cerebrc^spinal fluid sulphur, though 
higher than in Group (u), was still only a quarter that of tlu* serum. 

Table HI. Inorganic sulphur in sera and non-piiralent effusions. 


Inor>;anic 8 (mg. jmt 100 ml.) 





Serum ultra- 

Effusion 

Nature of fluid 

Diagnosis 

Serum 

filtrate 

fluid 

Pleural 

Neoplasm 

2*9 

— 

2-9 


ft 

4*2 


0-9 


Tuberculosis 

2*4 


5-7 

»» 

ft 

2-2 

2-8 

24 

»» 

tf 

1*2 


10 

ft 

t* 

Hydrocele 

*’ 

z u 

3« 



3-3 

— 

M 

M 

1*5 

»» 

— 

20 

— 

2-3 

ft 

— 

2'8 


2*0 

If 

— 

1-2 

— 

M 

Ascitic 

Nephrosis 

3 2 

— 

2*9 

ff 


1*3 

— 

M 


Average 

2-4 

__ 

2-8 


Group (c) Meningitic cases. The inorganic sulphur of the serum tended on the 
whole to be lower and that of the cerebrospinal fluid higher than in group (a) but 
exceptions have been found in both directions. The cerebrospinal fluid sulphur 
was never actually higher than the serum level but the average was only slightly 
lower. Meyer-Bisch [1924] stated that in tul>ercular meningitis the cerebrospinal 
fluid sulphur was generally higher than normal. 

A number of simple effusions of various types were compared with serum 
(Tables ITT). On an average the fluids contained slightly more inorganic sulphur 
than the sera and in this respect resemble ultrafiltrates. Heubner and Meyer- 
Bisch [1926] stated that only two-thirds of the serum inorganic sulphur was 
found in pleural and ascitic fluids, but these authors did not examine serum and 
fluid from the same patient. 

A short series of sulphur dettirminations was made in ventricular fluids 
(Table IT). In one cas(3 the corresponding fluid obtained by lumbar puncture was 
withdrawn within a few minutc^s of the ventricular puncture. The sulphur 
contents ol these two were identical, and the average of the ventricular fluids 
was exactly the same as that of the lumbar fluids in group (a) of Table II. 
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Table IV. VerUricular fluids. 


DiagnoBis 
C’erel>ellar tumour 


Cerebral 


tumour 


mg. S f)er 
100 ml. 

0-7 

0*6 

0*8 

0*6 

0*5 

0*6 

0*4 


S in C.8.F. — 0*5 mg. per 100 ml. 


J>T.SCIJSS10N. 

The present results support thos<‘ of Hayman and Johnston [1932] in showing 
that the whole of the serum inorgani<i sulphur is ultrafiltrable. In this con- 
nection it is interesting to note that both Meyer-Hiscli \ 1924] and de Boer [1917J 
determined the sulphur in serum ultrafiltrates as their method of measuring the 
inorganic; sulphur content of the serum. The amount of sulphur found in effusions 
from various sites and with various pathological causation also resembles the 
amount found in serum ultrafiltrate's. It is rc;asonable therefore to suggest that 
inorganic sulphur reaches these fluids by ultrafiltration, (rilligan ct al. [1934J 
(‘onsidcT that this is true also of all other ions. A study of Table IT makes it 
f'vidc'ut that the sulphur in cc'n'brospinal fluid cannot be explained on the same 
basis, Since moreover ventricular fluids contain the same amounts as the lumbar 
puncture fluid there can bo no suggestion that the amounts of sulphur in the 
latter are due to changes in this fluid during its j>assag(' from the ventrich^s. One 
must assume therefore that as rt'gards sulphur the cerebrospinal fluid cannot be 
regarded as an ultrafiltrate. This is in keeping with what has been found for other 
constituents, both organic and inorganic [Flexner, 1934 ; McC.'ance and Watchorn, 
1931; 1932; 1934; Watchorn and McCance, 1932; 1933; Gilligan et al., 1934; 
Walker, 1933], but owing to the extensive variations in serum inorganic sidphur 
which are encx)unter(‘d pathologically the sulphur ion provides new and valuable 
t'vidt'nce. In this small serh'S it is to l)e noted that when tin* serum inorganic 
sulphur rises very greatly, as in uraemia, that of the cerebrospinal fluid also rises 
and the normal ratio between the two tends to be maintained. Tliis is being 
further in vestigatc^d . In many eases of meningitis the * ’ normal ” fluid/serum ratio 
seems to be lost and the relationship approaches that of the ultrafiltratiVscrum. 
It is impossible to say from this small series whether a fall in the serum value 
plays a significant part in this, but the problem will be further studied. The rise 
in the cerebrospinal fluid sulphur is probably more significant. The change is to 
be compared with the rise in cerebrospinal fluid phosphorus [Cohen, 1923-24] 
and the fall in magnesium [MeCance and Watchorn, 1932] which accompanies 
meningitis. The fall in chlorides may or may not be comparable, but the evidence 
is accumulating that in meningitis (especially tuberculous meningitis) changes 
take place in the secretory activity of the choroid plexus which are reflected by 
changes in a number of the chemical constituents of the cerebrospinal fluid. 


SUMMABY. 

1, The serum inorganic sulphur in non-nephritic patients lay between 1 and 
4 mg. per 100 ml* In chronic interstitial nephritis values up to 35 mg. per 100 ml. 
were found. 

2. The whole of the serum inorganic sulphur was ultrafiltrable. 
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3. The inorganic sulphur in ventricular and cerebrospinal (lumbar puncture) 
fluids was approximately one-quartor to one-third of the serum value. These 
fluids, therefore, do not represent serum ultrafiltrates. 

4. In tuberculous meningitis the cerebrospinal fluid sulphur tended to rise 
and to approach the serum value. 

5. The inorganic sulphur in pathological effusions could be accounted for 
satisfactorily by supposing that such fluids had been formed by ultrafiltration. 

The authors wish to thank all those who have helped them to obtain 
material for this investigation. One of them (E. W.) is indebted to the Medical 
Research Council for a personal grant. 
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CCLXXIL STUDIES IN THE METABOLISM 
OF PROTOZOA. 

II. SOME BIOCHEMICAL REACTIONS OCCURRING 
IN THE PRESENCE OF THE WASHED CELLS 
OF GLAUCOMA PYRIFORM IS. 

By NORMAN RISBOROUOH LAWRIE.i 

From the Konnett Memorial Laboratory, Addenbrookt's Hospital, Cambridge. 

(Received August 1st, 19So.) 

It is the purpose of thi^ present eommunicatitin to draw attention to the bio- 
ch(*mieal a(;tivitv exhihit<‘d in a simplified environment by the protozoon 
Ghmomn pyriformis. Th(* valuable data obtained by the investigation of the 
bioelnunical properties of suspensions of washed bacteria suggested the extension 
of such methods to the study of the protozoa. Such work is highly desirable on 
acciounf of th(^ biological and medical importance of this phylum. The remark- 
able environmental changes undergone by certain parasitic species of protozoa 
in th(* (‘ours(‘ of their life-cycle may be ex]H‘cted to furnish instructive instances 
of l)ioch(‘mical adaptations. A suitably chosen protozoal culture offers material 
for bio(*hemical study which possesses a degree of homogeneity and freedom from 
s}H‘cialisation of cellular function greater than that which obtains in the tissues 
of the higher animals. The complexity of the media required for the cultivation 
of th(* jirotozoa has hitherto rendered such work almost impossible. Within recent 
y(‘ars, however, progress in tlie cultivation of protozoa in bactcriologically 
sterile, and (*ven non-particulate, media, has rendered a limited number of 
species amenable to biochemical studies of this type [Lwoff, 1932]. 

Little biochemical work appears to have been carried out upon suspensions 
of protozoa separated from the medium upon which they have been grown. 
Hartog and Dixon [1893] collected specimens of the very large multinudeated 
protozoon Pekimyxa palustris. Aitov treatment with alcohol, the protozoa were 
removed individually from contaminating material by means of a mounted 
needle, di-ied over sulphuric acid and pulverised. The resulting powder was 
moist^med with alcohol and extracted with water. This extract readily hydro- 
lysed starch to crythrodextrin (though the subsequent formation of reducing 
sugars was very slow) and dissolved fibrin in the presence of dilute acids. No 
change was perceptible when milk preserved with thymol was treated with the 
extract. Mouton [1902] described the pt^eparation of a culture on gelatin con- 
taining one species of amoeba and one species of bacterium. A proteolytic 
enzyme in aqueous solution was obtained from these cultures. It was shown by 
control experimemts that this enzyme could not have been extracted from the 
bacterial component of the cultures (B. coli communis). This protease, which was 
most active in slightly alkaline media, digested gelatin and fibrin but had little 
action upon coagulated egg albumin. Mesnil and Mouton [1903] cultivated 
Paramoecium aurelia in the presence of bacteria. The paramoecia, concentrated 
electrically, were able to liquefy gelatin. The reaction proceeded most rapidly in 
media which were neutral to litmus. Fenyvessy and Reiner [1928] measured the 

^ Beit Memorial Research Fellow. 
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respiration of trypanosomes washed by centrifuging and suspended in a solution 
of glucose and salts. Reiner and Smythe [1933-34] obtained suspensions of 
Trypanosoma equiperdum by fractional centrifuging of the blood of infected rats. 
Such suspensions, which contained very few red blood corpuscles, were shown to 
catalyse the breakdown of glucose into glycerol and pyruvic acid and the oxida- 
tion of glycerol to pyruvic acid. 

The strain of G. pyriformis used in the present experiments was very kindly 
given to me by Dr Muriel Robertson, of the Lister Institute, London. It was 
cultivated upon a simple mcnlium consisting of 1 % “Difco” peptone and 0*4% 
of a simple salt mixture, dissolved in distilled water and sterilised by autoclaving. 
The bacteriological sterility of the cultures was tested from time to time by 
attempted aerobic subculture at 35° in glucose broth. The cultures used in the 
experiments described below were all bacteriologic^ally sterile as judged by this 
test. Treatment of the culture with sterile quinanil (B.D.H.) solution was 
carried out as a precaution against bacterial contamination during the in- 
oculations of numerous subcultures. 

The cultures were allowed to grow for about 7 days. The protozoa were then 
separated from the culture fluid by centrifuging and twict^ washed by rosuspen- 
sion in 20 ml. of distilled water and centrifuging. The washed protozoa were then 
suspended in a suitably buffered solution, or in water, according to the require- 
ments of the experiment in hand. The numbers of protozoa in the (*ultures were 
counted by means of the Fuchs- Rosenthal counting chamber. A considerable 
number of protozoa became disintegrated during these processes, so that the 
final reacting system contained not only intact colls, but also the insoluble 
products of cytolysis of some protozoa and any insoluble materials flerived fr’om 
either protozoa or medium during the development of tin* culture. 

In order to test the suitability of these suspensions for biochemical study 
they have been examined for the presence? of a representative series of enzyme 
systems, with the results described below. 

Protease. 

Digestion mixtures containing suspension of Gkimoma pyriformis, buffer, 
protein solution and chloroform were set up in test-tubes and incubated, usually 
for 24 hours. Chloroform was used to cytolyse the protozoa and to inhibit 
bacterial growth and for these purposes was considered to be better than 
toluene. 

The extent to which proteolysis had occurred was measured by precipitation 
of the undigested protein with trichloroacetic acid, filtration and estimation of 
the total nitrogen in a portion of the filtrate. For this estimation the method of 
incineration of Wong [1923] was found to be suitable, followed by distillation 
of the ammonia into standard acid and back-titration with carbon dioxide-free 
A/5(X) NaOH. This procedure permitted estimation of the non -protein-nitrogen 
to the nearest 1 mg. per 100 ml. of digest. 

Boiled suspensions of (?. pyriformis had no measurable proteolytic action 
on caseinogen. Autolysis at p^ 6*0 yielded only a small and variable increase in 
the non-protein-nitrogen of the digest, ranging from nil to 2 mg. per 100 ml. 
The following experiments are typical of the results obtained. 

Exp. 1. Each digestion tube contained: 

2 % sodium caseinogenat^ ... 1ml. 

if /20 buffer 1 ml. 

Olaucoma suspension 0-5 ml. 

Chloroform 0-5 ml. 
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The population of the c?ulture was such that if no loss of cells had occurred during 
centrifuging the digests would have contained 15'6x 10® cells per 100 ml. The 
increase in non-prot<dn-nitrogen after 24 hours’ incubation at 30*^ is shown in 
Table I. 

Table 1. Proteolysis of caseinogen in acid media. 



Increase in 


non -protein - nitrogen 

Pn 

mg./KK) ml. 

2*2 phthaiate buffer 

40 

5 

10 

60 

10 

6*0 phosphate* „ 

21 

70 

15 

6-0 autolysis in phthalate buffer 

2 


The caseinogen was mostly out of solution in the tubes at 4 0 and 2-2. 
Exp. 2. A set of digestions was prepared similar to that used in Exp. 1. 
There was the equivaU‘nt of 32 x 10® cells present per 100 ml. of the digest. The 
results of 24 liours’ incubation at 30"" are shown in Table 11. 


Table II. ProUolysis of caseinogen in alhiline media. 


8*4 horatc buffer 


84 ) 

8-8 

9‘2 

9-4 

94i 


IncreaHc* in 
non - protein - n i trogen 
mg. /KM) ml. 

10 

9 

9 

8 

8 


From these and similar experiments it was concluded that the optimum 
for the proteolysis of caseinogen by a suspension of G. pyriformis was near 6. 

In other experiments the sodium caseinogenate was replaced by egg albumin 
(B.D.H.). \"ery little proteolysis occurred, however, either with untreated or with 
heat- coagulated egg albumin. This difference in the ability of the Glaucoma 
suspension to proteolyse caseinogen and egg albumin respectively is brought out 
by the following experiment. 

Exp. 3. To each of three test-tubes were added : 

M /20 phosphate buffer at (i-0 1*75 ml. 

OUincama suspension 0-50 ml. 

Chloroform 0-50 ml. 


Table III. Proteolysis of caseinogen and egg albumin compared, 

Jncroast' in 
non-protein-nitrogen 
Tube mg./ 100 ml. 

A 3 

B 16 

C 2 

Increase in 
non-protein-nitrogen 
due to proteolysis 
of added substrate 

A 1 

B 14 
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To tube A were added 2-25 ml. of 0*5 % egg albumin, to tube B 2*25 ml. of 0-5 % 
sodium caseinogenate and to tube C 2*25 ml. of distilled water. These tubes con- 
tained the equivalent of 31 x 10® cells per 100 ml. The non-protein -nitrogen was 
estimated in each tube and they were then incubated for 24 hours. At the end of 
that period the non-protein -nitrogen was again estimated, with the results 
shown in Table III. 

Thus it is clear that a suspension of Glaucoma pyriformis, saturated with 
chloroform, can carry out proteolysis at pjj values ranging from 2*2 to 9*6. 

Diastase. 

The presence of a diastase in suspensions of G. pyriformis is n^adily demon- 
strable. The following typical experiment shows this property. 11 ml. of a 
suspension of G, pyriformis in M/2{) phosphate buffer at pjj 7*0 were prepared 
and found to contain 34 x 10® cells per 100 ml. 5 ml. of this suspension were 
measured into two monax test-tubes, A and B. Tube A was placed in a boiling 
water-bath for 15 min. and then cooled. Both tubt^s then received 0*25 ml. of 
1% starch in 5% sodium chloride solution and a few drops of toluene. They 
were then incubated at 37°. About 0*5 ml. was removed from each tube at 
intervals and tested for the presence of starch by means of a dilute iodine 
solution. The results obtained are shown in Table IX. 

Tabic IV. Diasiafic action of (x. pyriformis. 

Result of iodine test for starch 
Tube A Tu1k‘ R 

At start of incubation Deep blue Deep Iduo 

After 3 hours’ incubation „ Faint red 

„ ^ .. 

In other experiments of a similar type but without the addition of toluene 
no colour was developed with iodine after 4 hours’ incubation. These* digests did 
not reduce Fehling’s solution. 

Peboxidase. 

Preliminary experiments with the suspension of G. pyriformis showed that it 
exhibited strong peroxidase-like activity in tht* presenc‘e of 50 acetic a(?id. 

In order to determine whc‘ther a true peroxidase enzyme were present, or 
whether the effect were due to catalysis by haematin compounds, the following 
comparative experiments were carried out. 

A suspension in water containing 52 x 10® protozoal cells jjcr 100 ml. was 
prepared. Scrapings from horse-radish were ground with distilled wat-er and the 
extract decanted off to provide a typical plant peroxidase system. A very dilute 
suspension of human blood in distilled water was used to provide a “pseudo- 
peroxidase” system. These three preparations were compared in the following 
series of experiments. 

In Exp. I, 15 mg. of benzidine, J ml. of iff/20 phosphate buffer at pj^ 7*0, 
0*1 ml. of 20 vol. hydrogen peroxide and 0*25 ml. of enzyme preparation were 
mixed in a porcelain crucible. Exp. II was set up in the same way as Exp. I, 
except that the phosphate buffer was replaced by 50 % acetic acid. Exps. Ill 
and IV were repetitions of I and II respectively, in which the fresh catalytic 
systems were replaced by the same systems after they had been heated for 1| 
hours in the boiling water-bath. The results of these experiments are summarised 
in Table V. 
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Table V. The peroxidase action of a suspension of G. pyriformia. 


The sign 4 indicates a positive colour reaction and the 
sign “ that no colourcjd product was formed. 

Source of catalyst 



Exp. no. 

Horse-radish 

Blood 

Glaucoma 

.!} 

Unheated catalysts 

+ 

4 

I 

4 

V^l 

Heated catalysts 

- 

4 

- 


Expa. riT and TV show definitely that the peroxidase in Glaucoma is tiiermo- 
labile, and in this property diff(‘rs from the peroxidase-like syatc^rn of certain 
bacteria f (fallow, 1926] and from the peroxidavse-like action of haematin com- 
pounds. 

WlH‘n benzidine is used as the indi(^ator of peroxidase action the a(*tivity of 
the peroxitlase in the su.speusion of Glmicmna is greatest in acid preparations. In 
later e'xp(Timents, using p-})henylenediamine, this peroxidase brought about oxi- 
dation at pii 7*0, /)jj 2-2, or in the presence of ap]>roximately 50% acetic a(*id. 


Dee YDKO(i EX ase . 

Suspensions of Glaucoma were te.sted for dehydrog(*nase activity by means of 
the Thunberg tube techniipie. Small tubes of about 5 ml. capacity were used, 
and contained : 

Suspension O-o ml. 

Buffered methylene blue solution U-o ml. 

Substrate O-o ml. 

Ther(‘ was a final concentration of methyk^ne blue in the Thunberg tube of 

0*005% and of phosphate buffer at pjj 7*0 of 37/60. The tubes wvre evacuated 
on the water-pump and placed in a water- bath at 37"'. The time taken for com- 
plete de(5oloration was observ(*d. It was found that tin* wasluMl protozoal cells 
reducc'd the methylene blue rapidly in the absence of any added substrate. The 
rate of reduction of nu^thylene blue was how^ever accelerated by the addition of 
succinatt' to the system. Aeration, and starvation of the organisms in st(M'ile 
distilled water, did not increase the aeiteleration of the rate of reduction of 
methylene blue caused by the addition of succinat(\ Th(^ results of a typical 
experiment are given in TabU* \T. 


Table VI. Reduction of methylene blue in the presence of G. pyriformis. 


The activity of the rc*ducJng system is expresstnl as 1 (Hi /reduction time in minutes. 


Substance added 
Water 

M/15 sodium succinate 
M/15 glucose 


Time required 
for complett' 
reduct ion of 
methylene blue 
min. 

28 

22i 

28 


Activity of 
reducing 
system 

3*« 

44 

30 


Tncrc^ase in 
activity duo 
to added 
substance 



Glucose and sodium succinate in the presence? of boiled protozoal suspension 
did not reduce methylene blue. In addition to glucose, negative results were 
obtained with fructose, lactose, sodium formate and hypoxanthine. The increase 
in the activity of the reducing system caused by the addition of succinates varied 
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in different experiments from 25 to 43 %. It is concluded that succinic dehydro- 
genase is present in the cells. 

Attempts to remove substrate from the cells by the methods of washing and 
aeration usually successful with bacteria only resulted in loss of activity of the 
enzyme. Treatment of the suspensions with toluene or phenol along the lines of 
the experiments of Quastel and Wooldridge [1927] upon the dehydrogenases of 
B, coli resulted in complete loss of dehydrogenase activity. The protozoon 
O, pyriformis differs from many bacteria and many animal tissues in the tenacity 
with which it retains substances capable of reducing methylene blue. Its 
behaviour in this respect resembles that of Bacterium faecalis alkaligenes, 
described by Quastel and Wooldridge [1925]. 

The presence of glutathione in G, pymFORMis. 

The riitroprusside test for the organic sulphydryl group was applied to 
suspensions of G. pyriformis after the manner adopted by Callow and Robinson 
[1925] in the case of certain bacteria. 300 ml. of a well-grown culture were 
<!entrifuged and the cells twice washed with 40 ml. of distilled water. The deposit 
of protozoa was then transferred to a small weighed dish and dried in vacuo over 
sulphuric acid to constant weight. 74 mg. of dry material were obtained. Tliere 
were 34 x 10® cells in the material taken. 2 ml. of a saturated acpieous solution 
of ammonium sulphate were added to this dry material, well stirred and allowed 
to stand for 15 rain. A few mg. of potassium cyanides wen* then added and the 
material filtered through a small plug of absorbent wool. To this filtrate 0*2 ml. 
of a freshly prepared 1 % aqueous solution of sodium nitroprusside and 0*2 ml . 
of ammonia solution (1 vol. of ammonia solution of sp. gr. 0*88 diluted to 5 vol. 
with distilled water) were added. A strongly positive reaction was given im- 
mediately. Subsequent similar experiments in which the addition of potassium 
cyanide was omitted also gave a positive reaction. 1 6*5 mg. of the dried protozoa 
were extracted with 2 ml. of 5% trichloroacetic acid and tested for cystine by 
means of Sullivan’s test. No cystine (or cysteine) was found to be present. It is 
concluded from these experiments that the cells of G, pyriformis contain gluta- 
thione in the reduced fonn. 

Summary. 

The presence of a protease, diastase, dehydrogenase and p(*roxidase has lx*en 
demonstrated in the protozoon Glaucoma pyriformis. The presence of glutathione 
in these organisms is inferred from the results of applying the nitroprusside test 
for the organic — SH group and Sullivan’s test for cystine and cysteine to 
extracts of the dried ccdls. 

1 am deeply indebted to Sir F. G. Hopkins for his interest in this work. 
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CCLXXIII. THE MECHANISM OF 
CATALASE INHIBITIONS. 

By HERMANN BLASCHKO. 

Fr(m> the Physiological Laboratory, Cambridge} 

{Received August 10th, 1935.) 

The experiments recorded in this paper represent an introduction to a study of 
tfie effect of catalase inhibition on tissue respiration. Before this problem could 
b(^ approa(*hed, it was dc^sirablc to obtain information as to the mechanism of the 
inhibitory action of substances that are known to act more or less specifically on 
catalase. This paper deals mainly with the question as to whether the action of a 
given substance on th(^ enzyme is reversible. 

Th(^ two principal catalase inhibitors so far studied are cj'anide and sulphide. 
These substances have not been included in the present w'ork because (a) they 
exhibit such striking properties as inhibitors of cell respiration that they are not 
suitable for the linal purpose of our investigation, and (b) it has already been 
]>roved that th(‘ action of both drugs is a reversible on(‘. [Kona et al., 1925. For 
full references see Kuler, 19114.) The reversibility of these inhibitions can be 
demonstrated by bubbling air through solutions containing the poisoned enzjnne. 
This method is obviously suitable only in the case of a volatile inhibitor. Another 
possibki w^ay of deciding whether an inhibition is reversible or not can only be 
used in heterogeneous systems : c.g. the reversibility of the cyanide inhibition of 
hydrogen jxToxide decomposition by palladium black has been demonstrated by 
washing the catalyst and adding new’^ substrate (Blasehko, 1926J. 

For the present work it was necessary to use a method that w as applicable in 
the case of non-volatile substances acting in a homogeneous solution. The 
action of catalase was followed manometrically using the Warburg type of tlie 
simple Barcroft manometer. The reversibility of the inhibition was studied in 
specially made manometer flasks in which the concentration of the inhibitor 
could bo decreased without any other variation which wwld affect the rate of the 
reaction. 

Material and methods. 

All experiments were c^rriod out in a phosphate buffer solution of 7*4. In 
a few preliminary experiments a crude extract of rat liver was used as catalase 
preparation, but most of the experiments were carried out with a purified 
preparation from horse liver for which the author is indebted to Prof. B. Keilin. 
Just before the experiment, 0*1 ml. of this preparation was diluted with 50 ml. 
0*01 M phosphate buffer. The stock solution of hydrogen peroxide was Merck s 
perhydrol (about 9-6 M), of which 1*0 ml. was diluted with 1F5 ml. water. This 
dilute solution was also freshly prepared. For the measurement of enzyme 

^ A few preliminary exporimenti) were carried out in the Pathological Department, University 
College Hospital, London. The author wishes to express his gratitude to Prof. A. B. Boycott for 
the hospitality offered to him and to Prof. G. P. Wright for his help. 
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activity, with and without inhibitor, the usual conical Warburg flasks with one 
side bulb were used. The flasks were filled as follows : 

Main vessel 1-98 ml. 0*01 M phosphate buffer solution 

+ 0*02 ml. catalase solution 
+ 0-25 ml. water or inhibitor 

Side bulb 0-25 ml. hydrogen peroxide solution. 

The final concentrations were therefore: 


Phosphate buffer 0*008 M 

Hydrogen peroxide 0*070 M 

Catalase t)2o00-fold dilution of the pure preparation. 


The flasks were then attached to their manometers and jilaced in a bath k(^pt at 
or slightly below room temjieraturc (11-18°). The reaction was started by tipping 
the hydrogen peroxide into the main vessel from 
the side bulb. In a single experiment the re- 
action rates with different concentrations of a 
given inhibitor wert^ measured and comjiared 
with the rate with the unpoisoned enzyme. 

For the study of the reversibility of the 
inhibition, special flasks were made by Messrs 
W. Flaig and Sons, London. They arc of conical 
shape and carry two side bulbs that branch off 
from a common stem (see Fig. 1). The contents 
of the two side bulbs can be mixed first and 
then later the mixture can be emptied into the main vessel. The experiments 
were carried out in the following way. Two flasks of the ty])e descrilx^d were 
prepared as follows: 



Flask no. 


o 


Main vesHcl 


Side bulb 1 


Side bulb ]J 


1*80 ml. 0*01 .1/ phosphate buffer 
4' 0*225 ml. hydrogen peroxide solu- 
tion 

4- 0*225 ml. water 

0*18 ml. 0*01 M phosphate buffer 
4- 0*02 ml. catalase solution 
f 0*025 ml. inhibitor solution 

0*025 ml. hydrogen peroxide solu- 
tion 


1*80 nil. 0*01 M phosphate buffer 
+ 0*225 ml. hydrogen peroxide solu- 
tion 

+ 0*225 ml. inhibitor solution 
As m side bulb I of flask No. 1 
As in side bulb 11 of flask No. 1 


The reaction in each flask is started by mixing the solutions in the two side 
bulbs and after a suitable time, 5 to JO min., th(i mixed content of the side bulbs 
is tipped into the main vessel. As can be seen from the data given above, the 
concentration of poison, equal for both flasks during the first reaction ]X)riod, is 
maintained at the original level in flask No. 2, whereas in fia.sk No. 1 a tenfold 
dilution of inhibitor takes place. In addition to this change in inhibitor con- 
centration, an unavoidable dilution of the enzyme takes plac<% but under the 
conditions of the experiments this dilution has no influence on the reaction rate, 
a fact, for which flask No. 2 serves as a control. The data of the experiments 
given below show that the readings in flask No. 2 always give a smooth curve, 
without break at the point of dilution. As is well-known, the rate of the catalase 
reaction does not remain constant for long periods, and the experiments were 
therefore kept as short as possible. 
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Experiments. 

The substances studied were in the first instance those (‘atalase poisons that 
were lihely to be useful as catalase inhibitors in tissues, but as the method 
described was found simple and gave definite results, it was applied to other 
catalase inhibitors the medianism of which is still uncertain. 

Hydroxylamine. The action of hydroxylamine on catalase vras discovered by 
Jacobson [ 1892 J and was later studied by Senter 1 1 More recently Yakushiji 

[1933] and Shibata and Yakushiji [1933] used hydroxylamine to prove their 
theory that the decomposition of hydrogen peroxide by catalase is part of the 
assimilation }>roces8 in green plants, identical with the so-called Blackman 
reaction, which had already been compared with the action of catalase by 
Willstatter and Stoll [1918) and by Warburg and his colla})orators [see 
Warburg and Uyesugui, 1924; Yabusoe, 1924; Warburg, 1925]. According to 
Shibata and Yakushiji, hydroxylamine inhibits photosynthesis in concentrations 
which have no efTe(;t on r(*spiration. 


Table 1. Inhibition of catalase by hydroxylamine hydrochloride. 


Tcmp<»raturo 10*2 . 


Flask no. 

1 

•> 

3 

Hytiroxylamj no by(lro( hiori<U' oonoontration 

0 

10“«il/ 

10 -»J/ 

/il. 0.2 liberated ; 0 •2 r> min. 

141 

51 

9 

2:>-r) 

♦12 -.j 

40 

10-5 

-7-5 „ 

44 

20 

9-5 

10 „ 

— 

25 

9 5 

Remaining; activity as of that in 

First 2*5 min. 

30 

0-5 

flask no. 1 

First 5 „ 

45 

9-5 


Table II. Rerersal of hydroxylamine hydrochloride inliibliion. 

TonijK'raturo le e , Contenin of bulbs f and 11 mi\e<l at 0 min.; contont of side' bulbs 


tipped into main ve.s.Hel at 

10 min. 


Flask no. 

1 

2 

Initial hydroxylamine (!One4.mtraiioii 

10 M 

10" " M 

Final hydroxylamine concentration 

lO-B M 

10-4 M 

/ii. (>2 liberated: 0- 5 min. 

0-75 

1-5 

5-10 „ 

0 75 

2 

10 15 „ 

10 

1-5 

15 20 „ 

10 

3 


Tables I and II give the results of my own experiments with hydroxylamine 
hydrochloride. Table I shows the influence of different concentrations of the 
drug on the rate of hydrogen peroxide decomposition and Table II demonstrates 
that the inhibition is a reversible one: after dilution the reaction rate is con- 
siderably greater than in the control in which the concentration of hydroxylamine 
has been maintained.. The results are shown graphically in Figs. 2 and 3, 

Hydrazine, phenylhydrazine. The inhibition of catalase by the latter substance 
has already been described [Loew, 1901 ; Yamasaki, 1921]. Tables 111 and IV show 
that both substances are much less powerful inhibitors than hydroxylamine. 
They both give reversible inhibitions, but as hydroxylamine seems to be the 
most suitable and the most active representative of this group of inhibitors, the 
experiments need not be reproduced in extemo. 
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Fig. 2. Hydroxylamine inhibition of catalase (see Table I). 

Curve I. Without hydroxylamine hydrochloride. 

Curve 1 L With 10~® M hydroxylamine hydrochloride. 

Curve Tir. With hydroxylamine hydrochloride. 

Curve IV. With \(y~*M hydroxylamine hydrochloride. 

Fig. 2. Reversibility of hydroxylamine inhibition of catalase (see Table il ). 

Curve I. Hydroxylamine concentration decreased from M to U)~^^ M at 10 min. 
Curve II. Hydroxylamine concentration maintained at 10 '*M. 

Table III, Hydrazine sulj)hate inhibition of catalase. 


Temperatui-e 11-2'’. 


FlaHk no. 

1 

2 

3 

Hydrazine concentration 

0 

M 

10-2 

ul. liberated: 0 -2*5 min. 

131*5 

51*5 

0 5 

2*5-5 

ftO-5 

38 

1*5 

Remaining activity as % of 

First 2*5 min. 

39 

0*5 

that in flask no. 1 

First 5 „ 

4«*5 

1 


Table IV. Phenylhydrazine hydrochloride inhibition of catalase. 

Temperature 16*8®. 


Flask no. 

1 

2 

3 

4 

5 

Phenylhydrazine concentration 0 


10“* M 

10-« M 

U)-a M 

/d, O 2 liberated 0 -2*5 min. 

119 

90 

59*5 

23 

3*5 

2*6-5 „ 

59*6 

46*6 

46 

24 

6 

Remaining activity as % of 

First 2*5 min. 

75 

60 

19 

3 

that in flask no. 1 

First 6 „ 

76 

59 

26 

5 


Sodium, azide. The inhibition of catalase by azide has only very recently been 
discovered [Keilin and Hartree, 1934]. It is interesting to note that azide also 
inhibits slightly the catalytic decomposition of hydrogen peroxide by colloidal 
platinum [01iveri-Mandal&, 1929; see also Audrieth, 1934]. The action of azide 
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is especially interesting in connection with the fact that azide also gives a 
definite methaomoglobin compound [Keilin, 1933]. 

Table V shows that sodium azide is a very powerful inhibitor of catalase. 
Under the conditions of our exjieriments only about one-fifth of the activity 
remains with a concentration of azide as low as 10^^ M, 

The action of sodium azido on catalase is completely reversible (see Table VT). 

Table V. Sodium azide inhibition of catalase. 


Temperature 12-2^. 


Flask no. 

1 

2 

3 

4 

Azide concentration 

0 

lO-’Ji 


lU ^V/ 

ul. ().> liberated; 0 - 2-5 rain. 

104*5 

87*5 

20*5 

8*5 

2-5 - r» 

57 

54*5 

i(i*r> 

6*5 

5 - 7*.) ,, 

43*5 

30 

13*5 

5 

7r)-10 

3.3 

31 

11*5 

(> 

Utnnaimnj’ activity as of that 

F’irwt 2*5 rain. 

84 

19*5 

8 

in ilask no. I 

First 5 ,» 

88 

23 

11 


Tabl<^ VI. EeversibiUlt/ of sodium azide inhibition. 

n‘iiip<‘rature (^ontenta of akIo hulba 1 and II nuxed at 0 min.; contontH of side bulbs 

lipjK*vl into main vessel at 5 mm. 


Flask no. 

1 

2 

Initial azide concentration 

Ur«A/ 

10 «5/ 

Final azide concentration 

10-75/ 

10-6 5/ 

ul. 0.. liberated; 0 ~ 2*5 rum. 

35 

35-5 

2*5- 5 

35 

34 

5 - 7*5 

49*5 

30*5 

7*5-10 „ 

48 

30 


Monoethyl peroxide. That monoethyl peroxide is not a substrate for catalase 
action has been long known [Bach and Chodat, 1903]; that it is an inhibitor of 
catalase was shown by Stern [ 1932J. That monoethyl peroxide combines with 
methaemoglobin has been shown by Keilin and Hartree [1935], who studied the 

Table VII. Monoethyl peroxide inhibition of catalase. 


Temperature 14«7®. 


Flask no. 

1 

2 

3 

Ethyl peroxide concentration 

0 

6 X 10-*M 

6 X lO-ajf 

fih 0^ liberated 0 - 2*5 min. 

149 

89*5 

40*5 

2*5- 6 „ 

93*5 

61*5 

44 

5 - 7*5 „ 

64 

47 

42*5 

7*5-10 „ 

— 

40 

36 

Remaining activity as % of 

First 2*6 min. 

60 

27 

that in ilask no. 1 

First 5 „ 

62 

35 


properties of the compound. Table VII shows that monoethyl peroxide is not as 
active a catalase inhibitor as the substances previously stu^^. The inhibition 
is completely reversible (see Table VIIl). 
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Table VIII. Reversibility of monoethyl peroxide inhibition. 


Temperature 14‘2°. Contents of side bulbs 1 and 11 mixed at 0 min.; content of side bulbs 
tipped into main vessel at 5 min. 


Flask no. 

Initial ethyl peroxide concentration 
Final ethyl peroxide concentration 
fil. Oj liberated : 0- 6 min. 

5-10 „ 

10-15 „ 

15-20 „ 

20-25 „ 

25-.30 „ 


I 

6 X 

5 X l(r*3/ 
65-5 
84 
81 

71-5 

58-5 

48-5 


2 

0 X 10-»il/ 

0 X 10“ ‘» 

65 

62-5 

59-5 

42*5 

35-5 

30-5 


Potassium chlorate, potassium perchlorate, Tht^ salt inhibition of catalase has 
often been studied [see Stern, 1932] and, since it did not appear likely that these 
inhibitions would prove useful for the purpose of our investigation on tissues, 
only a few substances were examined. Among these, chlorate and perchlorate 
have been found to be relatively jMiwerful inhibitors [8enter, 1903; 1905]. The 
effects of different concentrations of these salts are given in Tables IX and X. 
The reversal experiment reveals an interesting difference? in tlu* mechanism of 
action of the two substances : the inhibition by chlorate is irreversible (Table XI ), 
whilst that by perchlorate is reversible (Table XII). 


Table IX. Potassium, chlorate inhibition of catalase. 


Flask no. 

Temperature 15* 

1 

V, 

2 

3 

4 

Potassium chlorate concentration 

0 

lO-KM 

lO'^jl/ 

10“3 if 

ul. 0, liberated ; 0 - 2*6 min. 

136 

121 

118 

66 

2*6- 5 „ 

77-5 

64 

58-5 

23-5 

5 - 7-5 „ 

40-5 

— 

38 

12-5 

7-5-10 „ 

— 

— 

33-5 

11 

Remaining activity as % of that in 

First 2-5 min. 

89 

87 

48-5 

tlask no. 1 

First 5 „ 

87 

83 

42 

Table X. Potassium perchlorate mkibition of catalase. 
Temperature 14 -O'. 

Flask no 1 2 3 

4 

Perchlorate concentration 

0 

10-*ilf 

10-3 if 

10" 3 if 

al. Oo liberated : 0 - 2-5 min. 

105 

8 

1 

0 

2-5-5 

145 

14-5 

2 

0 

5- 7*5 


16 

1-75 

0 

7-5-10 

114 

17 

1-75 

0 

Remaining activity as % of that 

First 2-5 min. 

7-5 

1 

0 

in flask no. 1 

First 5 „ 

9 

1 

0 


Table XI. Effect of dilution on the chlorate inhibition of catalase. 

Temperature Contents of side bulbs J and 11 mixed at 0 min.; content of side bulbs 

tipped into main vessel at 5 min. 


Flask no. 

1 

2 

Initial chlorate concentration 

10~»i/ 

10-3 if 

Final chlorate concentration 

io-*i/ 


jul. Og liberated; 0 - 2-5 min. 

77 

73 

2*5- 5 „ 

27 

29-5 

5 - 7-5 „ 

23-5 

27-5 

7-5-10 „ 

17 

16 

10 -12-5 „ 

14 

11-5 

12-5-15 

12-5 

9-5 
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Table XII. Eeversibility of perchlorate inhibition. 

Temperature 15-3'’. Content« of Hide bulbs 1 and II mixed at 0 min.; content of side bulbs 


tipped into main vcsnel at 

7-5 min. 


Mawk no. 

1 

2 

Initial perchlorate concentration 


10-8 3/ 

Pinal perchlorate i concentration 

10-*M 

10-8 3/ 

pi. C > 2 liberated: 0 - 7*5 min. 

4 

7 

7-5-1. 5 

35 

8-.5 

1,5 -22-5 „ 

31 

5 


Mercuric chloride. Mercuric chloride inhibition of catalase is well known. 
It is only one of the many poisoning effects of this substance on enzymic 
reactions. Hata [HK>9] was the first to x)rove the reversible action of mercuric 
chloride on amylase and on proteolytic enzymes [see also Krebs, 1930; 1931], 
The work of Hata makes it pr<»bablc that the effect of mercuric chloride on 
catalase is reversible, but Stern assumt^s it t^) )>e irreversible. ITiat the mercuric 
chloride inhibition is in fact reversible can oasih' be demonstrated [see Table XI VJ, 


Table XTll, Mercuric chloride inhibition of catalase. 


Flask no. 

Teraperatiiro 10-2' . 

1 

2 

3 

4 

Mercuric chloride concentration 

0 

10-83/ 

10-8 3/ 

10-»3/ 

pi. ()., lilicratcd 0 - 2-5 min. 

130*5 

99 

04-5 

2-5 

2-5- 5 

07 

40-5 

35-5 

2 

,) - 7-5 ,, 

43 

28-5 

20 

0*5 

7-5-10 

37 

23 

23 

2-5 

10 -12*5 

29 

18-5 

17-.5 

2 

Remaining activity aa of that 

First 2-5 min. 

77 

49 

2 

in tiask no. 1 

First 5 „ 

71 

50 

2 


Table XIV. Beversibility of mercuric chloride inhibition. 


Temperature IH . Contents of side bulbs 1 and II mixed at 0 min.; content of side bulbs 


tipped into main vessel at 

10 min. 


F’lask no. 

1 

•1 

Initial mcrcurie chloride concentration 

10“'»3/ 

10 “ *3/ 

F'inal mercuric (diloride concentration 

10" ® 3/ 

10-*3/ 

pi. (h liberated; 0- 5 min. 

1-5 

2 

•3-10 „ 

5 

3 

10-^15 „ 

12 

7 

15-20 „ 

13 

3 

20-25 „ 

17 

.5-5 

25r30 „ 

14-5 

2 

30-35 „ 

12-5 

3 


but on comparing the data with those given in the preceding Table XIII, one must 
conclude that recovery is not complete, an irreversible effect is superimposed 
upon the reversible one, a mode of action comparable with the mechanism of the 
mercuric chloride inhibition of urease [Sumner and Myrback, 19301. 

Besorcinol. For literature see Euler [1934]. The results of our experiments 
are given in Tables XV and XVI. Resorcinol inhibits slightly and its acdlon is 
reversible. 
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Table XV. Resorcinol inhibition of catalase. 

Tern peraturo 11-7®. 


Flaftk no. ... ... 1 

Resorcinol concentration 0 

/il. ( >2 liberated ; 0 - 2*5 min. 142 

2*5- r> „ 74-5 

5 ~ 7-5 ,» r>3*5 

7-5-10 „ 47 

10 -12-5 ,, 41 

Remaining activity as % of First 2*.5 ] 
that in flask no. 1 First 5 


2 

3 

4 

5 

Kr&jU 

10“* il/ 

10 

lO”--*. 

91 

36-6 

5-6 

-0-5 

57 

27 

5-6 

+ 0-5 

39 

17-5 

4-5 

0 

33*5 

14 

4 

-0-5 

29-5 

13 

4-5 

+ 1 

64 

25-5 

4 

0 

68 

28-5 

5 

0 


Table XVT. Reversibility of resorcinol inhibition. 

Temperature 12-2'^. Contents of side bulbs 1 and il mix<*d at 0 min.; content of side bulbs 
tipped into main vessel at 10 min. 


Flask no. 

1 

2 

Initial resorcinol f-oncentration 

10“ M/ 

10- “JU 

Final resorcinol concentration 

10- sj/ 

10-““ JU 

ul. Oo liberate*! : 0- 5 min. 

8 

7-5 

5-10 „ 

8-5 

8 

10-15 „ 

29 

8-5 

15-20 „ 

24-5 

6-5 

20-25 „ 

18-0 

5 

25-.30 „ 

15-5 

4-5 


Benzidine, y-phenylenediamine , m-phenylenediamine, Ak the first two of these 
substances can act as substrates for peroxidase, it was interesting to sec what 
influence they have on catalase. Tables XVII and XVIII show that they arc 
both inhibitors of catalase, although not very powerful ones. Both inhibitions 
are reversible (see Tables XIX and XX). Since m-phenylenediamine, whic*h 
does not act as a substrate for peroxidase, has an inhibitory action on (catalase 
(Tables XXI and XXII), similar to that of p-phenylenediamine, it is unlikely 
that the inhibitory action of p-phenylenediamine depends on that part of the 
molecular structure which makes it a substrate for peroxidase. 


Table XVII. Benzidine inhibition of catalase. 


Flask no. 

Temperature 14-0 

1 

2 

3 

Benzidine concentration 

0 

10-^jl/ 

10-3 

ul. Go liberated: 0 - 2-5 min. 

161-5 

116 

32-5 

2-5- 5 „ 

88 

73 

27*5 

5 - 7-5 „ 

— 

— 

16*5 

7*5-10 

53*5 

58-5 

14 

Remaining activity as % of that 

First 2-5 min. 

72 

20 

m flask no. 1 

First 5 „ 

76 

22 

Table XVIII. p-Phenylenediamine inhibition of catalase. 

Temperature 16-2®. 

Flask no. 1 2 

3 

j>-Phenylenediamine concentration 

0 



/til. Oj liberated: 0 -2*5 rain. 

131*5 

53*5 

12*5 

2*5-’ 5 „ 

69 

41*5 

13*5 

5 - 7*5 „ 

38*5 

34 

12*5 

7*5-10 „ 

32*5 

28 

11 

Remaining activity as % of that in 

First 2*5 rain. 

41 

9*5 

flask no. 1 

First 5 „ 

47 

13 
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Table XIX, Reversibility of benzidine inhibition.. 

Temperature 15‘0'’. Contents of Hid<* bulbs 1 and II mixed at 0 min.; content of side bulbs 
tipj>od into main vessel at 5 min. 


Flask no. ... 

1 

2 

Initial benzidiim concentration 

10"“»J/ 

10-8 

Final Ix'nzidinf^ concentration 


10-8 JU 

ul. Oo liberated; 0 min. 

23 

23 

2-5- r,_ „ 

19 

21 

5 — 7*5 

40 

24*5 


40-5 

17-.5 

10 12-5 „ 

37 

18 

Table XX. Reversibility of p-phenylenediamine inhibition. 

Temp. 10*2 Contents of side bulbs I and II mixed at 0 min.; content of aide bulbs tipped 

into main vessel at 5 min. 

Flask no. 

1 

2 

Initial p-phenylonediaminc coiKentration 

Final p-plienylenedi amine concentration 

0'9 X 10”2i/ 

0*9 X 10-8,1/ 

0-9 X 10-M/ 

0*9 > 10-8 

/xi. <>2 liberated : 0 - 2-i) min. 

12 

8 

2 r»- 5 

12 5 

10 

5 - T-.i „ 

24 

11*5 

7'5-10 ,, 

2r» 

7 

10 >-12-5 

17*5 

8 


Table XX 1. m-Phenylenediarnine inhibition of catalase. 

Tem jKjrature 1 5*4 . 


Flask no. 

1 

o 

.3 

}n,‘ Phenylenediamine conctmtration 

0 

10^3 J/ 

10-83/ 

id. Oo liberated : 0 - 2*5 min. 

144 

107 

5*2 

2*5— 5 ,, 

71*5 

04 

4 

5 - 7*5 „ 

47 

47 

5*8 

7rv~10 

30*5 

30 

5*2 

Remaining activity as of that in 

First 2*5 min. 

07 

4 

dask no. 1 

First 5 ,, 

75 

4*5 


Table XXII. Reversibility of in-phenyleneAiamine inhibition. 
Tcnip(*rature 15-4\ Contents of the two side bulbs mixed at 0 min.; contents of side bulbs 


iipljed into main vessel at 

5 min. 


Flask no. 

1 

2 

Initial /n-phenylenediamine concentration 

10 - 23 / 

10 - 83 / 

Final ni-pnenylenediaiuiiie concentration 

10 - 83 / 

10-8 3/ 

ul. Go liberated: 0 - 2*5 min. 

3 

5 

2*5- 5 „ 

4*5 

4*5 

5 - 7*5 

70 

3*0 

7*5-10 

50*5 

5 

10 -12*5 „ 

32*5 

3*5 

12*5-15 

24*5 

3 

Discussion. 




The study of the mechanism of catalase inhibitors shows that all those 
substances that are known to give methaemoglobin compounds act as reversible 
inhibitors of catalase. To this group belong azide, monoethyl peroxide, sulphide 
and cyanide. That all these substances act as catalase inhibitors is certainly to 
be considered as a strong argument in favour of the conception of catalase as 
a haemin compound. Whether the action of hydroxylamine can be explained 
on similar lines still remains doubtful. One other substance which is known 
Bioohem. 1935 xxix 147 
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to combine with methaemoglobin, viz. fluoride, was tested under the same 
conditions at the suggestion of Prof. Keilin, but was found to be ineffective as 
an inhibitor in concentrations as high as M. It is interesting to note that 
Lipmann [1929] found a considerable inhibitory effect of fluoride on the hydro- 
gen peroxide decomposition by inorganic iron. From the dissociation curve 
of fluoromethaemoglobin measured by Lipmann, the affinity of fluoride for 
metliaemoglobin does not appear to be great and it is therefore possible that the 
conditions of our experiments in which the catalase is saturated with substrate 
are unfavourable for detecting slight inhibitory effects. 

The reversible inhibition by mercuric chloride may serve to demonstrate that 
the reversibility, as such, is not a sufficient indication as to the point of attack of 
the inhibitor; as this effect of the poison is similar to its effect on other enzymes, 
it seems most likely that it acts on the non-haernin part of the enzyme molecule. 

Summary. 

The action of catalase poisons is measured manometrically and a manometrie 
method lor the study of reversibility of catalase inhibitions is described. 

The follovnng substances are found to give revcTsible inhibitions: sodium 
azide, hydroxylamine, hydrazine, phenylhydrazine, monoethyl peroxide, potas- 
sium perchlorate, resorcinol, p-phenylenediamine and w-phenylenediamine. Tin* 
mercuric chloride inhibition is partly reversible. Potassium chlorate gives an 
irreversible inhibition. 

The author is most gratefully indebted to the Academic Assistance Council 
for a grant, to Sir J. Barcroft for his encouragement and hospitality in his 
laboratory and to Prof. D. Keilin for much help and advice. 
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CCLXXIV. STUDIES ON PANCREATIC 
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In the extensive literature concerning the nature and action of trypsin there 
appears to bo no record of a systematic study of factors affecting the earliest 
stage of protein breakdown by this enzymic complex or by its isolated proteinase 
component. Waldschmidt-Leitz and his collaborator [1931; 1932; 1933] have 
shown that the trypsin complex can be separated into several components each 
of which effects, characteristically, the degradation of substances of more or less 
definite complexity or structure. Systematic examination of the kinetic be- 
haviour of each enzyme, acting on suitable substrates, should lead to a better 
imderstanding of the complex as a whole and should assist in clarifying certain 
problems concerning which the literature is sometimes inconclusive and con- 
tradictory. Estimations of the increasing amino-nitrogen resulting from the 
action of trypsin on a protein reveal, by themselves, nothing more than the 
additive effects of the enzymic components acting upon their n^spective sub- 
strates. Such experimental data have only a very limited value in elucidating 
tlu^ nature of the action of any single cornponent. 

In the present work attention has been directed toward the first observable 
stage of protein degradation, namely the process which renders the protein 
soluble in trichloroacetic acid solution under the conditions defined later. 
\ery little is definitely known as to the nature of this first stage. It 
probably rejjresents thf^ rupture of a relatively small number of linkages, 
resulting in the liberation of molecular aggregak^s essentially similar to the 
original molecule but of low’or molecular weight. Similar conclusions were 
reached by Bayliss [1907-08], Sherman and Neun [1918], Vahlteich [1929], 
Blagoveschensky and Sossiedov [1933], Grabar [1933], Sreenivasaya et al [1934]. 
By definition the change may l>() regarded as being due to the proteinase. 
Without attempting to separate the proteinase from the other enzymes of the 
trypsin complex, studies have been made of the effects of several factors on the 
initial rate of the first hydrolytic process. By confining attention to this initial 
constant velocity the influence of the other enzymes can, at this stage, safely bo 
regarded as being practically negligible. This conclusion is supported by 
experiments such as that summarised in Table I where it is seen that during the 
first 2*5 min. of hydrolysis 50% of the original protein was rendered soluble in 
5% trichloroacetic acid although amino-nitrogen accumulated to the extent of 
only slightly more than 1 % of the amount present after two weeks’ action. 

The present paper is concerned with the following aspects of the “first-stage ” 
hydrolysis; 

(1) Comparison of the rate of this hydrolysis with that of amino-nitrogen 
accumulation. 

(2) Comparison of the rates of hydrolysis of various proteins. 

(3) The influence of substrate concentration on the initial velocity of 
hydrolysis. 
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(4) The relation between enzyme concentration and initial velocity. 

(5) The influence of hydrogen ion concentration on the initial velocity. 

(6) The course and order of the reaction. 

Materials , . 

Substrates, The substrate chiefly employed was Kahlbaum’s ''casein 
(Hammarsten) ” containing 15*4% nitrogen and 0-8% phosphorus. Stock 
solutions in buffer (7;^^ 8*7), kept at 8® for 2 to 3 weeks remained perfectly clear 
and unchanged in the presence of octyl alcohol. Other proteins iised were Merck’s 
ovalbumin, haemoglobin, fibrin and a sample of zein prepared from maize. 

Buffer, MI5 phosphate-borax-sodium hydroxide buffer, 8*7. 

Precipitant, To the sample of the digestion mixture was added an equal 
volume of 10% trichloroacetic acid. This amount was sufficient not only to 
cause complete precipitation of the proteins present in 1 % concentration but 
also to stop the enzyme action. 

Enzyme. Dry fat-free pancreas powder (passed through No. 80 mesh) was 
prepared by a method essentially similar to that of Willstattcr and Waldschmidt- 
Leitz [1921 ; 1923]. The solvents used werc^ acetone, acetone-ether and ether. The 
proteinase activity of the resultant })owders remained practically unchanged for 
at least 20 months when the material was stored in a desiccator at S -IO®. 

The enzyme solutions used in all experiments except those which concern the 
relation between enzyme concentration and reaction velocity were prepan^d in 
the following manner. A weighed portion of pancreas powder was triturated in 
a glass mortar with successive portions of the extracting solution (buffer solution 
or 50% aqueous glycerol) until a uniform suspension of thin consistimcy was 
obtained. This was transferred to a flask and the mortar was washed with 
extracting solution ; for 8 g. powder a total of 100 ml. of solution was used. After 
the addition of a few drops of octyl alcohol the combined liquids were shaken for 
3 hours in a water-bath at 25® ; the suspension was then centrifuged at 1200 r.p.m. 
for 3 hours after which the supernatant fluid was passed through a Seitz Alter. 
A perfectly clear, slightly yellow solution was obtained. When kept at 8® extracts 
of the powdered gland with phosphate-borax buffer (p^ 8*7) lost no activity in 
2 weeks; 1 % sodium carbonate extracts lost 54% in 10 days and distilled wat^T 
extracts lost 63% of their activity in the same time. On the other hand, 50% 
aqueous glycerol extracts were completely stable for at least 3 months. This 
advantage is, to some extent, offset by the fact that glycerol appreciably retards 
the action of the enzyme. 

For the investigation of the influence of enzyme concentration on reaction 
velocity the enzyme solutions were prepared by extracting weighed portions of 
pancreas powder with 10 ml. buffer solution for 10 minutes, vigorously shaking 
the suspension. The supernatant fluids obtained after 10 minutes’ centrifuging 
at 1800 r.p.m. were used immediately. 

All enzyme solutions were adjusted, when necessary, to the of the buffer 
before use. It was not found necessary to add any activator such as onterokinase. 

Analytical methods. 

In view of the objections, previously mentioned, which apply to the use of 
amino-nitrogen determinations in the solution of the problems under investiga- 
tion, the rate of disappearance of the protein itself was adopted as the most 
suitable measure of proteinase activity. For this purpose either of two procedures 
was employed. 
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Procedure 1, In this case the entire contents of a digestion tube were treated 
in obtaining a single reading, several such tubes being used to establish a progress 
curve. Centrifugo-tubes (50 ml.) were employed, each containing 4 ml. of 
substrate solution adjusted to the proper p jj and warmed to 25°. At a convenient 
time, measured on a stop-watch and recorded as zero time, 1 ml, of enzyme 
solution (25°) was pipetted into the tube, an operation requiring about 2 sec. 
After the desired time interval 5 ml. of 10% trichloroacetic acid solution were 
quickly pipetted into the digestion mixture; the precipitate was spun down, 
washed once with 5% trichloroacetic acid, recentrifuged and dissolved in 3 ml. 
N/10 NaOH; the solution was transferred quantitatively to a 10 ml. volumetric 
flask and made up to volume. Duplicate samples (1 or 2 ml.) were analysed for 
nitrogen in a micro-Kjeldahl apparatus of the improved Parnas-Wagner type; 
approximately Njl 25 H2SO4 and N /125 NaOH solutions were used for absorption 
and titration respectively. In ordt^r to establish the initial reaction velocity 
corresponding to a given set of conditions it was customary to employ at least 
3, usually 4, such digestion mixtures identical in every respect but incubated for 
different periods. Usually it was not necessary to allow the most prolonged 
digestion to proceed for more than 90 sec. A zero-time reading was obtained by 
allowing the enzyme and precipitant to flow simultaneously into a tube con- 
taining substrate or by adding the trichloroacetic acid first and then the enzyme, 
the precipitate being treated and analysed in the usual way. By plotting hydro- 
l^wd protein-nitrogen against time, progress curves were obtained from whose 
linear portions initial velocities were calculated. 

Procedure 2. In this case successive samples were removed from a single 
digestion mixture contained in an L-tube rocking in a bath at 25°. Prom the 
progress curve the initial velocity of hydrolysis was determined. In view of the 
speed of the reaction it was necessary to observe very carefully certain precau- 
tions. The substrate and any necessary buffer solution wore first introduced into 
the tube and allowed to attain the temperature of the bath. A stop-watch was 
then started and at a convenient point (zero time) the enzyme solution, previously 
warmed to 25° and contained in a small open glass vessel, was dropped into the 
tube ; the addition and diffusion of the enzyme were complete in about 2 sec. The 
total volume and were accurately known. Shortly after the addition of the 
enzyme mixture a 4 ml. sample was quickly pipetted into a 50 ml. centrifuge- 
tube containing 4 ml. of 10% trichloroacetic acid. The same pipette was used 
for subsequent samples and was rinsed with digest liquid before use. With 
practice it was povssible to remove the first sample 20 or 30 sec. after the beginning 
of the reaction and subsequent samples at 20-sec. intt^rvals if desired. Residual 
protein-nitrogen was determined as previously described. 

In both procedures it was necessary to take account of the acid-insoluble 
nitrogen contained in the enzyme solution, A quantity of the solution equivalent 
to that used in the digestion wa.s added to a quantity of water equal in volume to 
that of substrate plus buffer; samples were treated with trichloroacetic acid in 
the usual way and the total nitrogen of the precipitates was determined. The 
values so obtained were subtracted from the total protein-nitrogen of the 
digestion samples. 

Occasionally, it was desirable, in both procedures, to adopt considerably 
longer time intervals than those indicated. 

DetennimUion of amino-nitrogen. Amino-nitrogen was calculated after 
titrating the liberated carboxyl groups according to the method of Willstatter 
and Waldschmidt-]>it2 [1921], using N/50 alcoholic KOH and thymol blue. 
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Experiments and Discussion. 

Comparison of the rate of the ''first-stage’’ hydrolysis mth thai of amino- 
nitrogen accumulation (Table 1). Reference to the results has already been made. 
They show that determinations of amino-nitrogen in the very early stages of hydro- 
lysis do not permit an accurate evaluation of the proteinase activity. Analysis of 
residual protein, on the other hand, constitutes a reliable index of this activity. 

Table I. Hydrolysis of caseinogen by trypsin; comjiarison of the rate of the 
''first-stage’" hydrolysis with the rate of amino-nitrogen accum,ulcUion. 


Initial caRcinogen concentration: 

Enxymc preparation: a phoaphate-borax bufter extract. 
Residual protein analysed a« in procedure 2. 


Minutes after 

mg. protein-nitrogen 
hydrolysed 


mg. amino- 

zero time 

hydrolysis 

nitrogen 

0-5 

0-54 

ll(i 

0 

10 

109 

23-3 

0 

1*5 

1-54 

33-0 

0 

20 

212 

45-4 

0-07 

:bo 

2()0 

55*5 

0-10 

5-0 

3*44 

73‘5 

0*42 

100 

4-00 

87-0 

0-00 

350 

4*39 

94 0 

O-70 

200 

4-45 

950 

0-70 

30-0 

4-68 

100-0 

0-94 

450 

— 



1-03 

(iO-0 




1-32 

Two weeks 


— 

8-35 



Fig. 1. Kates of hydrolysis of caseinogen (3), fibrin (2), haemoglobin' (3), zein 
(4) and ovalbumin (5), by the pancreatic proteinafte. 

Comparative rates of hydrolysis of different proteins. The rates of hydrolysis of 
five proteins at 25®, in buffered digests atp^ 8*7 and present, initially in 0*92®/ 
con^ntration were foUowed by procedure 2, the same amount of enzyme heiZ 
used in aU cases. The results, expressed in Kg. 1, are of interest for the foliowing 
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reasons. (1) Of the soluble proteins tested caseinogen was the most rapidly 
hydrolysed. (2) The order in which the proteins can be arranged on the basis of 
initial rates of hydrolysis (c.gr. for 1 min.) is quite different from the order of 
arrangement based on 5 min. hydrolysis. This difference emphasises the im- 
portance of distinguishing, in kinetic experiments, between initial rates and 
rates calculated from the results of more prolonged digestions. (3) Ovalbumin, 
known to be very resistant to prolonged tryptic action, was hydrolysed for a 
short period at a rate comparable with that of the other proteins ; subsequently 
the hydrolysis was very slow. The experiment suggest.^ that an anti -proteinase 
substance may have been liberated during the vc^ry early hydrolysis. In this 
connection it is of interest to recall that Balls and Sweii.son [1934] showed that 
the proteinast^ inhibitor of egg-white is found in the watery fraction of the white 
and that this watery fraction is formed during storage of the egg by proteolysis 
of the thick white. 

Relaiioji between substrate amceniration and initial velocity of hydrolysis. 
Northrop’s studies on the kinetics of trypsin digestion [1924; 1932-33; Northrop 
and Kuiiitz, 1932-33] led him to the view that the enzyme doe.s not form a com- 
pound with the substrate and that the .si)eed of the hydrolysis is proportional to 
the concentration of free enzyme, i.e. enzyme not combined with products. This 
view of tlu^ n)ode of action of trypsin is oppose*d to the well-known theory of 
Michaelis and Mention [ 1 913 1 which is an elaboration of those of Brown [1902 ] and 
ol‘ Henri 1 1905]. According this theory enz Nine-substrate coinpound formation 
takes place* and the. s[)e<Hi of the ob8erve<l reaction depends directly upon the 
<*on(*ent ration of the compound. The theory was originally founded on exj>cri- 
inents with the invertaso- sucrose sy^stem; in recent y(*ars several other enzyme 
systems have been showm to behave in a manner predictable by the theory. 

The investigation of the aj)plicability of the equation of Michaelis and 
Mentdi to a given enzyme system is of primary imx)ortancc in deciding whether 
or not the enzyme concerned combines with the substrate to yield a compound 
w'hose concentration determines the rate of the observed reaction. In such 
experiments it is not .sufficient to calculate the substrate concentration corre- 
sponding to half-maximum velocity and to assunuj that this value represents the 
dissociation constant of the enzyme -substrate compound. Further analysis of the 
data is required in order to determine whether combination according to the 
mavSH law actually takes pla<^e. 

A series of (jastinogon solutions of different concentrations was prepared from 
thrive stock solutions, 5, 1*5 and 0*1%. Two buffer extracts of powdered 
pancreas were used, the first (Enzyme 1) prepared by extraction Nvith i¥/5 
potassium chloride-sodium borate solution 9*3 and the second (Enzyme 2) 
with il//5 phosphate- boratf^-sodium hydroxide solution 8*7. The final volume 
of each digest, 5 ml., was adjusted by adding to the substrate solution a suitable 
amount of the appropriate buffer prior to the addition of the enzyme. The 
initial rate of disappearance of acid-insoluble protein was followed by procedure 
1. Typical results are recorded in Tables II and HI, the enzyme preparations 
being 1 and 2 respectively. The values of Kg and Vmax. in the equation of Michaelis 
and Menten were obtained by an algebraic metho<l. 

The agreement between observed and calculated values is sufficiently close 
to justify the conclusion that the initial velocity of hydrolysis is predictable by 
the theory and that caseinogen enters into combination with the proteinase. The 
difference in the two values of Kg is not easily explained without further investi- 
gation, but it may be due to the use of different buffers at slightly different pj^ 
levels. In another experiment in which a 30% glycerol extract of the j)owder 
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Table II. Relation between substrate concentration and initial velocity of 

hydrolysis. 


l^otassium chloride- sodium borate buffer, 
Temperature 25°. 

Initial velocity 


% caseinogen 
concentration [S] 

r 

Observed (mg. 
protein -nitrogen 

> 

Calculated from 
the equation 
0*0434 [8J 

hydrolysed per sec.) 

* [S 1+0*295 

0096 

00109 

0*0107 

0*260 

0*02(K) 

00203 

0*432 

00244 

0*0258 

0*800 

0*0320 

0*0317 

M3 

0*0352 

0*0344 

1*78 

0*0319 

0*0373 

2’37 

00281 

0*0386 


Table III. Relation between substrate concentration and initial velocity of 

hydrolysis. 

Phosphate-borate buffer, 7 )^ 

Temperature 26°. 

Initial velocity 


Calculated from 


% caseinogen 

Observed (mg. 
protein-nitrogen 

the equation 
0*1035 [8] 

i) ~ — i 

concentration f8J 

hydrolysed per sec.) 

[8] +-0*234 

0*050 

0*0186 

0*0183 

0*110 

0*0320 

0*0332 

0*220 

0*0485 

0*0503 

0*380 

0*0675 

0*0642 

0*550 

0*0763 

()*()730 

0*820 

0*0790 

0*0806 

1*08 

0*0840 

0*0851 

1*40 

0*0830 

0*0887 


was used the agreement between calculated and observed values of v was some- 
what better than that indicated in Table ITT, but the value of was con- 
siderably lower than the others; the difference was possibly associated in some 
manner with the known inhibitory effect of glycerol on the activity of the 
proteinase system. In the range of concentration above l*5^/o tlie observed 
velocity was always less than the calculated. It is possible that here, as in the 
case of the invertase-sucrose system [Nelson and Schubert, 1928] the falling off 
of the observed velocities in the case of the higher substrate concentrations is 
due to a decrease in the relative water concentration. But, with the proteolytic 
system, no direct study of this point has been made although experiments on the 
effects of carbohydrates on proteinase activity, to be described in a later paper, 
strongly suggest that variations in the relative water (joncentration seriously 
affect the activity of the enzyme. The possibility of the combination of the 
enzyme with two or more molecules of substrate to form an inactive compound 
[cf. Murray’s experiments on liver esterase, 1930] was tested by the method of 
Lirieweaver and Burk [1934] ; examination of the available data showed that the 
falling off was not due to such a combination. 

Relation between enzyme concefntration and initial velocity of reaction. The 
results in Table IV show that the initial velocity of hydrolysis (v) varies directly 
with the enzyme concentration (E). Such a relationship is to be expected on the 
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basis of the theory of Michaelis and Menten. This finding is in opposition to that 
recently reported by Bergmann and Pojarlieff [1934] who observed that the 
initial velocity of collagen breakdown by trypsin was proportional to the square 
root of E\ a similar observation was made by Bergmann and Fohr [1932] in 
exj)eriments in which the tryptic digestion of gelatin was followed by an optical 
method. In both cases, however, consideration of the diffusion tractor must 
affect any generalised interpretation of the results. Bayliss [ 1925] observed that, 
depending upon the stage of protein breakdown by trypsin measured by changes 
in electrical conductivity, the relationship l)etween E and v varied : in the early 
stages t) was directly proportional to but in later stages v was proportional to 
a number of roots of E, Northrop examined the question in some detail : although 
his data [ 1924, p. 449] indicate a direct relationship in the early stage at 40°, yet 
at 0° ho found that the Schiitz rule was applicable in a rather restricted sense 
[1924, p. 723]. The complexity of "‘trypsin” and the variety of reactions cata- 
lysed by its various components make it imperative that, in considering the 
relationship under discussion, attention be confined at any time to only one of 
the several enzyme systems. Failure to do tliis leads to much confusion. 


Table IV. Belation between enzyme concentration and initial velocity of 

hydrolysis. 

Initial concentration of caacinogen 0*80%. 

P\i « <>• 

Procedure 1 uaed. 


Relative enzyme 
'concentration [E] 

I 

3 

8 

12 

10 


Observed initial 
velocity (c) (mg. 
protein-nitrogen 
hydrolysed per sec.) 

0-0037 

0-0119 

0*0294 

0-0407 

0-0581 


Calculated initial 
velocity 
i; =0-00369 [E] 

0-00369 

0-0111 

0-0295 

0-0443 

0-0590 


Influence of p/y on initial t>elocity of hydrolysis, TJie substrates were caseinogen, 
haemoglobin and fibrin, present in the digestion mixtures in 0-80%, 0-79% and 
0*55 % concentrations respectively. The enzyme preparation was a phosphate- 
borax extract and procedure 2 w’as used. Substrate solutions were prepared by 
titrating measured amounts of stock solutions to the desired pjj with H2SO4 or 
NaOH solution. The appropriate buffer solutions were then added in sufficient 
quantity to yield known volumes of substrate solution of the desired concentra- 
tions. The initial of each digestion mixture was assumed to be identical with 
that of a control mixture, determined electrometrically ; the controls were in all 
respects similar to the experimental digests except that boiled enzyme was used 
in place of the active preparation, the pjj of the boiled and active enzymes having 
previously been adjustt^d to the same level. Frequent tests showed that during 
the short reaction j>eriods adopted (up to 60 sec.) no detectable change in pj^ 
occurred. It was therefore possible to correlate accurately determined values of 
the initial velocity of hydrolysis with values which were known not to vary 
throughout the observ^ course of the reaction. The results are expressed in 
Pig. 2 where it is seen that all three substrates have the same optimum, pjj B~9. 

In the case of enzymes acting upon substrates which are only very slightly 
ionised, Euler et ah [i924] and Josephson [1925] have shown that the speed of 
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the reaction is determined by the fraction of the total enzyme existing as un- 
dissociated enzyme-substrate compound. This fraction is, in turn, a function of 
several factors, namely hydrogen ion concentration, acid dissociation constant 
of the enzyme-substrate compound, substrate concentration and the Michaelis 
constant. With substrates, such as proteins, which may be very appreciably 
ionised in solution the equation of Euler et al. in its simple form would not 
necessarily be expected to hold. Northrop [1922-23] observed a close similarity 



Ph Pvi Pn 


Fig. 2. Effect of pn on the initial velocity of hydrolysis of various proteins 
by the pancreatic proteinase. 


between the titration curves of caseinogen, haemoglobin and gelatin on the one 
hand and, on the other, the pj|-activity curves obtained in experiments on the 
tryptic hydrol 3 "sis of these proteins. From this similarity he concluded that the 
concentration of protein anions at various levels determined the dc^gree of 
digestibility of the protein. Trypsin itself he regarded as a strong base behaving 
as a univalent cation in solutions of 2 to 10, the isoelectric point being at 


about Pij 10. 

Tabic A'. 




Caseinogen 

Fibrin 

Haemoglobin 

Isoelectric* point 

4-70 


()'74 

Pij corresponding to 50% of 
maximum activity 

0-90 


7-03 


* Vonk [1931] — point of minimura swelling in jdiosphate buffer. 

On comparing the isoelectric points of the proteins investigated with the 
values corresponding to 50 % of maximum activity, the relationship in Table V is 
observed. As the isoelectric point decreases, the lower proteinase 

activity also decreases. This supports Northrop’s conclusion that the enzyme is 
active only on protein anions. As the approaches 8 the proteinase may begin 
to lose its })ositive charge and, in consequence, its effectiveness ; but the increased 
concentration of protein anions balances the loss of activity due to this cause. 
The hydrogen ion concentration therefore exercises its inffuemce on the pro- 
teinase-protein system in two directions: (1) on the ionisation of the protein, 
(2) on the ionisation of the enzyme or of the enzyme-substrate compound. The 
identity of the optimum of the three proteins investigated seems to be well 
cstablishiKl but the limited data do not permit the assumption that other 
proteins, under the same conditions, would have the same optima. 
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The course of proteinase action. The application of the expression for a uni- 
molecular reaction to the course of trypsin” digestion has frequently been 
attempted, but usually with very little success. Other equations containing 
arbitrary constants have also been proposed to express the course of the reaction. 
In the present work it has been observed repeatedly that the course of the 
reaction was linear during the breakdown of a considerable portion of the 
substrate — in some cases, as much as 05%. Sub8equf3ntly, the rate of reaction 
diminished when complicating factors became significant. The true course of the 
action of the proteinase must therefore be regarded as being of zero order. 

Incidentally, the adoption of initial velocity measurements as the basis of 
kinetic studies provides a method ff>r the comparison of the proteinase a(*ti\fities 
of different enzyme preparations. Accordingly, the proteinase unit may be 
defined as the amount of enzyme which causes cascinogen breakdown at an 
initial ratt^ equivalent to 0*1() mg. nitrogen per sec. under the following standard 
conditions: total volume? of digestion mixture, 5 ml.; cascinogen concentration, 
1%; 8*()--8*7 controlled by phosphate- borax buffer; temperature 25°. 


Summary. 

1. With the aid of micro-methods, jieriTiitting the measurement of the 
initial velocity of jirotcin hydrolysis, studies of the activity of the pancreatic 
proteinas(' liave been made. The rate of protein disappearance was much greater 
than that of amino-nitrogen a(*cnraulation. The latter is not a satisfactory 
index of the activity of the proteinase. 

2. The rates of hydrolysis of various proteins were compared. 

3. Tlic initial rate of h;\'drolysis varied with the substrate concentration in a 
manner predictable by the theory of Michaelis and Menten. 

4. The initial rate of h;v'drolysis varied directly with the concentration of 
enzym(‘ over a wide range. 

5. The infiuence ofp^^ on th(‘ rate of hydrolysis of three proteins was investi- 
gated. 

n. The reaction was shown to be one of zero order during the hydrolysis of a 
(‘onsiderable fraction of the protein. 

7. The results are discussed in relation to those of pre\'ious investigators. 
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CCLXXV. STUDIES ON PANCREATIC 
PROTEINASE. 

II. THE EFFECTS OF VARIOUS COMPOUNDS 
ON THE ACTIVITY OF THE ENZYME. 

By LIONEL FARBER and ARTHUR MARSHALL WYNNE, 
DepartmeM of Biochemistry y University of ToroniOy Toronto, Cancida. 

[Received August 17 th, 1935.) 

In the foregoing paper [Farber and Wynne, 1935] methods were described for the 
study of the activity of pancreatic proteinase. These methods have been used in 
a study of the effects on the activity of the enzyme of chemical substancc^s of 
various tyj^es, including carbohydrates, glycerol, amino-acids, triglycerides, bile 
and bile salts, indicators atid d^^es, salts of heavy metals and other salts. 

As substrate Kahlbaum’s “casein (Hammarsten)” was used throughout, the 
concentratJon in the digestion mixtures being 0*80 % in the glycerol experiments 
and 0-90 % in all others. The digc.sts were buffered at pjj 8*7 with M /5 phosphate- 
borax buffer; solutions of the various compounds w^ere, whenever necessary and 
practicable, adjusted to ^‘7. The exeejdions were those salts which formed 
precipilat/t\s at tliis alkalinity. The relative rates of hydrolysis listed in the tables 
which follow have been calculated from initial rates which, in turn, w^ere based on 
determinations spaced, usually, at int<*rvals of 20 sec. The total period of diges- 
tion, as a rule, w^as not more than 60 sec. ; changes in pjj during such short time 
intervals were negligible. Accuratt* estimations of initial velocity of hydrolysis 
were readily made with the aid of the procedures described in the previous paper. 


Experimental results. 

Carbohydrates. Stock buffer solutions of several carbohydrates having the 
following concentrations were prepared; sugars, molar; dextrin and soluble 
starch, 18%; gum acacia, 9%. Portions of the solutions were added to the 
digestion mixtures to give the concentrations listed in Tables I and II. Two 
enzyme preparations were used : the first, a phosphate-borax buffer extract of 
powdert^d pancreas prepared as described in the previous paper and used in the 
experiments with sucrose, maltose and lactose; the second, a 1 % Na 2 C 03 extract 


Table I. The effects of sugars on the activity of the proteinase. 

The figures in columns 2 to 6 represent the initial velocity as % of the initial velocity of 


is in the control digest. 


Concentration M 



0/ 

/o 

inhibition 
at 0*5 M 

Sugar 

0*02 

004 

0*10 

0*20 

0*50 

Glucose 



90 



82 

58 

42 

Fructose 


71 

— 

63 

55 

45 

Galactose 


78 

— 

73 

60 

40 

Sucrose 

97 

94 

89 

81 

67 

43 

Maltose 


88 

— 

81 

61 

39 

X4aotose 

95 

88 

81 

78 

66 

34 

Melizitose 

— 

100 

99 

83 

76 

24 
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Table II. Effect of polysaccharides on proteinase activity. 


The figures represent initial velocity as of that in control digests. 





(concentration % 



Substance 

0*86 

0*72 

1*8 

3*0 

4*5 

90 

JJextrin 



95 

90 

88 

— 

85 

Soluble starch 

— 

UK) 

80 

78 

— 

75 

(lum acacia 

95 

— 

90 

— 

104 

— 


used with the other carbohydratejs. Proeedun^ 1, previously described (p. 2315), 
was used for the preparation of the digests and for the determination of residual 
protein. The results are s\immarised in Tables I and II. 

Glycerol. For these experiments the enzyme solution was prepan^d by pre- 
cipitating an aqueous extract of pancreas powder by adding K ac(^tie acid, 
concentrating the filtrate at low temperature to one-tenth the volume and 
neutralising the concentrate with NaOH . Procedure 1 was used throughout ; the 
total volumes of tlie digestion mixtures were identical (5 ml.), the ndative 
proportions of glycerol and water having been varied to give the glycH'rol con- 
centrations listed in Table III. 


Table III. The effect of glycerol on proteinase activity. 
Concentration 


M 

0- 44 
0*88 

1- 80 
1-74 


inhibition 


4 

8 

12 

lb 


11 

ID 

40 

08 

73 


The results in Tables I, II and 11 J show that both sugars and glyeerol, 
present in moderately higli concentrations, retard the action of the enzynu'. Th(‘ 
individual sugars exhibit difierences in their efieets at the lower concentrations : 
at 0-5 M concentration, however, the differences are less marked ex(;f‘pt in th(» 
case of lactose and melizitose, Stock solutions of these sugars and of maltose 
yielded, on standing at 8"^, small dejK)sits of crystals in(*reasing in amount m the 
order, maltose, lactose, melizitose, but slight warming was sufficient to bring the 
sugars into solution again. The inhibitory powers of the three sugars at 0*5 M 
concentration decreased in the same order as their solubilities. Although the 
various sugars in the lower concentrations exhibit differences in their effective- 
ness as inhibitors, the general similarity of their effects (excluding those of lactose 
and melizitose) in the higher range of concentration leads to the conclusion that 
in this range the retardation of the activity of the enzyme is very largely a 
function of the molar concentration of the comi)oimds ; the nature of the sugar 
is of secondary importance. This view is supported by the data in Tables 1 and II, 
and in Table IV where the effects of mixtures of sugars are shown. 

Table IV. Effect of sugar mixtures on proteinase activity. 

Substance % inhibition 

0*25 M glucose 

+ 47 

0*25 M fructose 

0*25 M glucose 
4 

0*25 M galactose 


48 
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Inhibition by sucrose was directly proportional to the concentration in the 
range 0-04 to 0*5 M. In the case of lactose a similar relationship was observed 
to hold from 0*1 to 0*5 M ; with the lower concentrations such i)roportionality did 
not exist, owing perhaps to the relatively greater influence in the low concentra- 
tions of the reducing group of the sugar. It is proposed in further studies to 
compare the effects of low concentrations of various sugars, reducing and non- 
reducing, in order to determine more exactly the relation between the reducing 
powers of the sugars and tludr inhibitory properties. The degree of inhibition 
by glycerol was, within exptTimental error, directly proportional to the concentra- 
tion between the limits 2 and 12%. 

It may be suggested that the inhibition b}^ glycerol and the sugars is closely 
related to the well known fact tJiat these compounds become hydrated in solu- 
tion, possibly through coordinate* linkages of the atoms of the hydroxyl groups 
with water molecules in tlie manner indicated by Jordan- Lloyd and Phillips 
1 1033] in the casf^ of proteins. The degree of h^ydration of sucrose has been 
investigated by several workers. McBain and Kistler [1929], who review the 
earlier literature, obtaijied (*vidence from direct measurements by ultraflltration 
methods that sucrost* in dilub* solution is hydrated with not less than 4 molecules 
of water jxt molecule of sugar. iScatchard [1921] concluded from an analysis of his 
own and other data that the formation of a pemta- or hexa-hydrate best explained 
th<* experimental results, though the concentration affected in som(‘ measure 
the degree* of hydration. Total removal of water by h}'dration increases, of course, 
with the concentration of the sugar. One may assume also that caseinogen 
in solution becomes liydrated, possibly by coordinate linkage of water molecules 
with the atoms of the hydroxyl, (‘arboxyl, amide, amino- and imino-groups, but 
in the (me of proteins accurate assessment of the degree of hydration of the 
various gixmps is much more difficult. In any case it is probable that the sugars 
and glycerol, when addend to enzyme-prot(*iii solutions, reduce in greater or less 
d(*gr(^(‘ the effectiv(‘ wat('r (^oncrent ration l)y competition with both enzyme and its 
substratii for water. 

PoJfjsaccJiarideJi. Dextrin and soluble starch as inhibitors were less effective 
than the sugars; gum acacia mis without significant effect (Table 11). 

Arnino-acids. The effects of several amino-acids and of asparagine on the 
activity of the enzyme were examined at 8*7 according to Ih*ocedure 1, the 
enzyme preparation being a 1 % NagOO^ extract of pancreas powder. The results 
are shown in Tables V and VI. 

Table V. The effects of miim-acidti on proteinase activity. 

The figui^‘8 represent initial vehidty as % of that in control dujests. 

(^oiu'cntration M 

Substance 0*0020 0*0024 (MKL’ii 0*fX)28 0*0030 0*013 0*020 0*024 0*020 0*02S 0*030 0*050 Om 0*0t>5 0*070 0*075 

Histidine 94 — — — — — 02 — — ^ _ P 7 

Phenylalanine — 07 - ^ — 04 » 07 _ 

Cysteine 82 - UX) — — JIO 07 — — 

85 lOJ) 

hmme — — - pt) _ _ — _ m ... _ _ 9^ 

Aspartic add ~ ^ KXi — — — — 117 — — -- 121 

Glutamic acid *— —• — 00 — _ 105 — — 

Asparagine — — — — - 08 — — — — — — — 125 

Of the amino-acids examined histidine, phenylalanine and leucine had no 
very significant effects in the concentrations used. Cysteine (0*026 M) exercised 
a slight accelerating effect in two experiments; with aspartic and glutamic acids 



2326 


Jm FARBER and a. M. WYNNE 


Table VI. Effect of amino-acid mixtures on proteinase activity. 


The figures represent initial velocity as 

% of that in control digests. 




Concentration % 


Mixture 

()()6 

0-30 

O-tiO 

1*5(} 

Monoamino-acid mixture prepared from 

111 

115 

119 

— 

caseinogen 





Arlington aminoids 

1)7 


105 

107 


and asparagine the activation was somewhat more marked. Activation by the 
amino-acid mixture (Table VI) was similarly (juite definite but the identit}^ of 
the activator is obscure. 

Triglycerides, Emulsions (20% by volume) of triacetin, tribut 5 rrin and 
triolein in 3 % gum acacia were prepared. The first t\^ o (‘inulsions were reason- 
ably stable but triolein in gum acacia solution gave a very unstable emulsion 
which separated, immediately after shaking, into two layers. A very stable 
emulsion of triolein was obtained with th(‘ aid of 0*2 sodium oleate solution. 
Portions of the emulsions w^e transferred to the digestion mixtures to give the 
concentrations listed in Table VII. Strictly speaking, the.K^ (‘annot be regarded 
as truly molecular concentrations since the sub.stances, at least in the highei* 
concentrations, were not in true solution. 


Table VII. Effect of triglycerides on proteinase activity. 
The figures represent initial hydrolysis as Vo of that in control digestB. 

Concentration M 


Substance 

0-0081 

0-020 

0-041 

0-0(50 

0-081 

0-092 0-132 

0-184 

0-204 

0-308 

Triacetin 

— 

— 

— 

— 

— 

50 

41 



29 

Tributyrin 

— 

— 

— 

80 

— 

_ 03 

— 

40 

— 

Triolein 
(gum acacia) 

95 

— 

90 

— 

102 

— — 



— 

Triolein 
(sodium oleate) 

104 

91 

74 

— 


— — 


- - 

— 


The throe triglycerides, when properly emulsified, had marked inhibitory effects. 
In the case of triolein emulsified in gum acacia solution the degree of inhibition 
was relatively very slight but triolein in sodium oleate was definitely inhibitory 
in a concentration corresponding to 0*04: M, Control expcTimcmts indicated that 
part of this effect was due to the sodium oleate. Inhibition by the well-emulsified 
triglycerides was probably due to the formation of protective films around the 
micelles of the reacting substances. The opposite effect of emulsions was observed 
by Wasteneys and Borsook [1928] in experiments on protein synthesis. In this 
case the emulsion apparently provided means for the extension of the surface area 
of enzyme or substrate or both. 

Bih and bile salts. Sodium taurocholate and sodium glycocholate (Eastman) 
and fresh ox bile were used. The enzyme was a 33 % glycerol extract of pancreas 
powder. The results are summarised in Tables VIIT and IX. They confirm the 
observations of Ringer [1921 ; 1922], of Vonk et al. [1933] and of others, that in 
alkaline solution bile and bile salts diminish the rate of breakdown of protein 
by trypsin. The results with sodium glycocholate are, however, contrary to those 
of Willstatter and Persiel [1925] who observed that this salt, in 0'002 M concen- 
tration, had no effect on tryptic activity determined by the increase in acid 
titratable in alcoholic solution. 
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Table VIII. Effect of ox bile on proteinase activity. 


coneentration 

0-002 

10 

100 

20*0 

400 


% inhibition 

0 

Xi 

77 

88 


Table IX. Effect of bile salts on proteinase activity. 
The figures represent % inhibition. 


Sodium glycjo<*holatc 
Sodium taurorholate 



Concentration M 


0-00 1 

0-(U 

0-04 

11 

22 

92 

32 

51 

77 


Indicators dnd dyes. In (tarrying out these exfieriments the solution of tho 
iiuiieator was first mixed with freshly prepared aqueous (»nzyme extract and the 
mixture' was allowed to stand before addition to the reaction mixture. 2 ml. 
portions of enzyme solution wore piiKdted into several small test-tubes; varying 
amounts of 31/5 jihosidiate- borax buffer solution (/qj 8-7) and of the indicator 
solution w('re then added to give the df^sired concentrations of indicator in a total 
volume of 3 ml. (-ontrol tubes contained 2 ml. enzyme solution and 1 ml. buffer 
solution. Aft<*r standing for 20 min. at 25 , 1 ml. indicator-enzyme solution was 
added to a solution containing 1*5 ml. 3 % casi'inogon and 2-5 ml. buffiT solution ; 
the n.'action was followed as in Procedure 1 . In expiTinu'iits in which Procedure 2 
was used the n'action mixture ('ontained twice the above amounts of all consti- 


Table X. Effect of indicators on proteinase activity. 
Tho Hguroa roprt'aeut iiiif ml vi-looity as % of that in control digests. 

Concentration M x 10~^ 


8ub8tancc 0-42 0-59 

I^henol red — — 

Bromophenol blue ~ - KMr 

Thymol blue — 

Bromothymol blue i»7 

Phenolphthalein* 

Methyl orange 


o m 0 72 0 84 1-2 1-3 1-4 

108 — 94 — 

™ - - 1<M> 

- 107 — -- — 1(K) 

95 - 


4-8 8-4 9d> 12 13 17 9f) 

— — 89 — — 

— ™ — 99 — — — 

94 ... 

95 8r>t — — 74t 

— . _ .... 94 _ 


♦ This was dissolved in 30 % aqueous alcohol solution. The alcohol introduced into the reaction 
mixtunj with the indicator was shown by a control expt'riment to havt3 no effect on the rate of 
hydrolysis. 

t A small precipitates was formt^d, 

X A hea^qr precipitate developed. 


Table XI. Effect of indicAxtors and dyestuffs on proteinase activity. 
The figures represent initial velocity os % of that in control digests. 

Concentration M x 10“"'* 


Substance 

0-084 

0-17 

0-34 

0-84 

1-7 

3-4 

17-0 

34-0 

Congo red 

107 

100 





88 







Safranlne 

— . 



— 

97 

113 

— 

109 



Trypan red 



— 



110 

no 

...... 

106 



Metnylene blue 



94 

93 





92 





Kosolio acid 

.... 

91 

99 

— 

— 

101 





Bismarch brown 


— 

— 


101 

100 


110 
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tuents. The caseinogen concentration in the digests was therefore 0-9%; the 
concentrations of the indicators shown in Tables X and XI refer to those in the 
indicator-enzyme solutions before addition to the substrate. The concentrations 
in the reaction mixtures were, therefore, one-fifth of those values. 

Quastel [1931; 1932] has shown that certain indicators and dyestuffs have 
marked inhibitory effects on the oxidation of glucose, lactate, sxiccinate and for- 
mate by Bcict. coli and on the action of fumarase and urease. Both basic and 
acidic dyes were toxic toward fumarase, whereas only basic dyes inhibited 
oxidations by Bact, coli. Acidic dyes were entirely inert toward urease although 
most basic dyes were toxic. These and other observations led Quastel to the 
conclusion that the groupings responsible for the attachment of ure»ase to its 
substrate consist of the primary amino-group and the secondary imino-group. 
Investigations of this kind would appear to offer a very promising approach to 
the study of the nature of the active groups of enzymtis in general. Our own 
efforts in this direction were concerned with a survey of the effects of representa- 
tive dyestuffs on proteinase activity with the hope that a subsequent study of the 
possible protective effects of known chemical compounds in the case of toxic dyes 
might lead to some understanding of the nature of th(^ chemical groups respon- 
sible for the union of the proteinase with its substrate. It has been found how- 
ever that, even though used in concentrations considerably higher than those 
which Quastel found to be decidedly toxic in many cases towards the enzymes 
enumerated above, the dyestuffs examined were quite inert toward the pro- 
teinase. Furthermore, the acidic or basic nature of the dye had little or no 
relation to its effect on the enzyme. The results which are recorded have, there- 
fore, little positive interest. They do suggest that the active group of the 
proteinase differs from those of the enzymes studied by Quastel. But the question 
of the degree of purit}’^ of the enzyme is one which introduces difficulties of 
interpretation. It is quite possible that impurities present in the enzyme 
preparations protected the enzyme from thti toxic influence of added dyestuff, 
though enzyme and dyestuff were in preliminary association for 20 min. 
Quastel’s urease preparation was a partially ymrified aqut^ous extract; the 
fumarase solutions were cell-free preparations made from bacteria, erythrocw'tes 
and brain; for the oxidation experiments suspensions of bact(Tia and of minced 
muscle were used. Some of these preparations, like the enzyme solutions used 
in the present work, must have contained large amounts of non-enzymic material, 
Further work on the influence of dyestuffs on the activity of purified proteinase 
preparations is now in progress. 

Salts. In Tables XII and XIII the effects of various salts are recorded. In 
all experiments the enzyme-salt mixtures were allowed to stand for 20 min. at 
25° before addition to the substrate-buffer solution. An aqueous solution of the 
enzyme was used and the method of preparing the digests was similar to that 
employed in the case of the indicators. The enzyme solutions containing calcium 
cliloridti and lead acetate developed precipitates on standing, the amounts 
varying with the concentration of the salt. Sodium nitroprusside caused the 
development of a purple colour in the enzyme solution ; the other salts caused 
no visible effect. The concentrations of the salts given in the tables are those in 
the enzyme-salt solutions ; in the digests the salt concentrations were one-fifth 
of the recorded values. 

Unlike many enzymes the proteinase was apparently unaffected by the 
presence of salts of the heavy metals in concentrations as high as 3 x 10^^ M. 

Each of the compounds calcium chloride, sodium cyanide, potassium ferro- 
cyanide and potassium ferricyanide exercised an activating effect on the pro- 
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Table XII. Effect of salts of heavy metals on proteirmse activity. 
The figures represent initial velocity as % of that in control digests. 

Concentration M x 10““* 


Substance 


0'U7 

3-3 


9*9 

33 


Mercuric chloride 


106 

102 


101 

— 


Silver nitrate 


101 

98 


101 

— 


Cupric chloride 


106 

95 


101 

112 


Lead acetate 



108 


— 

99 


Table XIII. Effect of various salts on 

the activity of pancreatic proteinase. 

The hgures represent initial velocity 

as % of that in control digests. 





Concentration M x 10“* 



Substance 

0^ 

i-6r> 

3-3 

67 

9-9 

16*5 


Magnesium sulphate 

— 

KX) 

— 

98 

— 

— 

97 

Sodium fluoride 

— 

108 

— . 

— 

104 

— 

98 

Sodium nitropruflside 

100 

— 

97 

— 

— 

96 

— 

Calcium chloride 

121 

— 

141 

— 

110 

— 

100 




135 





Sodium cyanide 

119 

— 

140 

172 

107 

— 

99 




104; 

136 





l*otassium ferrocyanide 

100 

— 

129 

— 


102 

— 

Potassium ferricyanide 

102 

— 

127 

— 

—• 

118 

— 


teinase (Table Xfll). Some years ago it was generally accepted that calcium 
salts activat<^ trypsin, but experiments of Waldschmidt-Leitz [1924] caused a 
re^vision of this opinion. In tlie present ex{>eriments the activity of the proteinase 
was definitely stimulated by calcium. It is possible that this activation was due 
to the r(^moval of concomitant inhibitors present in the rather impure enzyme 
preparation employed. It is pro|X)sed to tcKst this possibility by using more 
highly purified preparations. 

The activation by cyanide was quite definite. Willstatter ct al, [1926] 
obtained results which led them to conclude that cyanide inliibits the activity of 
the protease of the pumpkin. However, Ambros and Harteneck [1929], on 
examining the problem, showed that the effect was due to the inhibitory influence 
of cyanide on the j)eptidase8 present in the enzyme preparation. The result was 
a marked reduction in the total acid titratable in alcoholic solution. When the 
effect on the peptidases was taken into account, the proteinase was shown to be 
activated by cyanide, a finding with which the present results with pancreatic 
proteinase arej in agreement. Activation by cyanide has been well established 
in the case of other proteolytic enzymes such as papain and bromelin. 

The mechanism of the acceleration of enzyme action by cyanide has, in 
recent years, been a subject of considerable interest. Krebs [1930] suggested that 
cyanide activation is due to the removal of toxic heavy metals by the formation 
of cyanide-metal complexes. In the present work, however, salts of heavy metals 
in moderately high concentration had no apparent inhibitory or toxic effects even 
after preliminary association with the enzyme for 20 min. Activation of the 
enzyme by cyanide cannot, therefore, be explained on the basis of such a 
detoxication process. Cyanide appears to exercise a positive activating influence ; 
this is true, also, of potassium ferrocyanide and potassium ferricyanide. The 
explanation in each case must await further experiments. 


148--2 
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SUMMABY. 

1. The influence of various chemical compounds on the initial rate of 
hydrolysis of caseinogen at 8*7 by pancreatic proteinase was investigated with 
the aid of micro-methods for the determination of residual proteins. The sub- 
stances investigated included carbohydrates, glycerol, amino-acids, asparagine, 
triglycerides, bile and bile salts, indicators and dyes, salts of heavy metals and 
other salts. 

2. Mono- and di-saccharides in moderately high concentrations {e,g, 0*5 M) 
exercised marked inliibitory effects upon the activity of the proteinase. These 
effects are behoved to be largely independent of the configurations of the sugars 
and to be related to a disturbance of the effcictive water concentration of the 
digestion mixture. 

3. Dextrin and soluble starch were less effective inhibitors than the sugars. 
Gum acacia was without significant effect in moderately high concentration. 

4. The degree of inhibition by glycerol was in direct proportion to the 
concentration. The effect observed is believed to be related to a disturbance of 
the effective water concentration of the enzyme digest. 

5. Of the amino-acids investigated, aspartic and glutamic acids exercised 
definite accelerating effects ; acceleration by cysteine was less marked ; the others 
were relatively ineffective. 

6. Asparagine caused definite activation. 

7. Triacetin, tributyriii and triolein, when properly emulsified, were in- 
hibitory. Unstable emulsions of triolein in gum acacia had no appreciable 
effect. 

8. Fresh ox bile and bile salts were inhibitory. 

9. Indicators and dyes, used in concentrations which Quastel found to be 
inhibitory towards fumarase and urease, had no signifi(?ant effect on proteinase 
activity. 

10. Salts of heavy metals in concentrations as high as 3x10”® J/ were 
without effect. 

1 1 . (Jalcium chloride, sodium cyanide, potassium ferrocyanidc and potassium 
ferri cyanide stimulated the activity of the enzyme. 

12. Activation of the proteinase by cyanide was apparently not due to 
removal of toxic heavy metals. 
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CCLXXVI. THE AMINO-ACID CONTENT 
OF WHEAT FLOUR DOUGH. 
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{Received August 23rd, 1935.) 

In view of a recent paper in this Journal by Blagoveschenski and Yurgenson 
[1935] on the action of flour and yeaHt enzymes on wheat proteins, it seems of 
interest to note the results of an investigation of the changes in the amino-acid 
content of flour dough with time, in the presence and in the absence of yeast, 
which was undertaken in the latt/cr half of 1933. Blagovescbenski and Yurgenson 
[ 1 935] concluded that the increased solubility of flour proteins under the influence 
of flour enzymes w'as not accompanied by an increase in ami no -nitrogen but 
that the solvent effect of yeast enzymes was due to true proteolysis, 

SevT'ral investigators have reported an increase in amino-nitrogen content 
(determined by various methods) of ageing dough in the presence and in the 
absence of yeast, but Brownlee and Bailey [1930] found a decrease in the amino- 
acid contemt of yeasted flour dough during fermentation and attributed this to 
utilisation of tin* amino -nitrogen by the yeast. 


Material and methods. 

Five flours were used in this study, the dough formula being, flour 100 g., 
sugar 2 g., with sufficient salt solution (2|%) to form a dough of normal con- 
sistency. The sugar was dissolved in the salt solution, the flour and liquid 
incorporat(»d by hand and then mixed for 1 min, in a mechanical kneading 
machine. Where yeast was used it was added at the rate of 2 g. to the above 
mix and was dispersed in th(^ liquid, before addition to the flour. The doughs 
were maintained at 29 ’ and at definite time intervals samples of dough were 
dispiirsed in sufficient additional water to give a 1 : 5 extract, by grinding in a 
mortar and then mixing in a mechanical drink mixer. The liquid was clarified in 
the centrifuge and the amino-acid content deU^rmiued by the Brown [1923] 
modification of the Sorensen [1907, 1, 2] formaldehyde titration as previously 
described [Samuel, 1934] by titration to p^i 8-0 (thymol blue) l>efore and after 
the addition of formalin. The results obtained are shown in Table I, and the 
initial values of the amino-acid content at zero time for the yeasted and un- 
yeasted doughs show that the technique yields reproducible results. 

For each unyeasted dough there is a steady increase in amino-acid content 
with time, showing that flour contains proteolytic enzymes capable of de- 
composing flour proteins to the amino-acid stage and that proteolytic activity 
varies from flour to flour. In the yeasted dough the amino-acid content remains 
steady or increases slightly (to a less extent than in the unyeasted dough) for 
about an hour and then decreases, probably to a constant value. This is probably 
due to the utilisation of the amino-aw?id by the yeast organism as a source of 
nitrogen in its metabolism and prevents the direct comparison of the amino- 
acid production of yeasted and unyeasted flour doughs from revealing the effect 
of yeast proteases on flour proteins, 

( 2331 ) 
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Table I. The 'production of amino-acid in yeasted and unyeasted flour dough. 

Aniino-acid content mg. N 
per 2 g. flour 

■ . -A , 


Flour 

Time (hours) 

Without yeast 

With yeast 

1. A mill mixture 

0 

0-14 

014 


1 

017 

014 


2 

0-20 

Oil 


3 

0-25 

0-00 


4 

0*31 

0-04 

2. A mill mixture 

0 

017 

017 


0*5 

— 

019 


1 

0-20 

0-18 


1-5 

— 

0*17 


2 

0*23 

— 


2-5 

— 

040 


4 

0-29 

— 


4-5 

— 

0*07 


5 

0-31 

— 

3. Manitoba 

0 

0-22 

0-22 


1 

0*25 

0-24 


2 

0-28 

048 


4 

0-33 

046 


5 

— 

046 


8 

040 

046 

4. Low grade 

0 

0-35 

0*35 

1 

0*38 

0-35 


2 

042 

0-33 


4 

048 

0-27 


5 

0*50 

0*26 


7-5 

0-57 

0*25 

5. English 

0 

0-32 

0*32 

1 

0-30 

0-34 


2 

0 40 

0-33 


4 

045 

0-20 


5 

048 

0-18 


These results arc not in agreement with those of Blagoveschenski and 
Yurgeiison [1935], though the discrepancy may be partly explained by the 
technique and the quantities used, for it appears that these authors allowed tlie 
enzymes extracted from 0-25 g. of flour or yeast to act on the gluten from about 
10 g. of flour, whereas in the present work the enzymes wore allowed to act in 
situ. It is not certain that all the flour or yeast enzymes were extracted and 
indeed it may be suggested that the increase in amino-nitrogen of the control 
solutions of Blagovesclienski and Yurgenson [1935] is due to the action of flour 
enzymes which are not removed by washing but remain in the gluten which is 
used as the substrate for the controls. 

To estimate the rate at which yeast utilises ammo-acid, the conditions in 
the dough liquid were simulated in a solution which was analysed from time to 
time. The ratio of flour to water in a dough is approximately 2 : 1 and the ratio 
of flour to water for the extraction is 1 : 5 so that concentrations in the dough 
liquid are ten times those in the extract. 

200 ml. of solution containing 1*4 g. of glutamic acid hydrochloride, 8 g. of 
sugar, 5 g. of salt and 8 g. of yeast were brought to p^ 5*9 (the approximate 
Pji value of flour dough) by the addition of sodium hydroxide and incubated at 
29'\ At definite time intervals 5 ml, samples were taken, diluted to 50 ml. and 
centrifuged and the amino-acid content was determined as for the dough extract. 
In the titration to pj| 8*0 before the addition of formalin, fading of the colour, 
due to the prt^sence of carbon dioxide, was noted. When formalin is added the 
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solution becomes acid, so to avoid the possible loss of carbon dioxide from the 
acid solution the approximate amoimt of sodium hydroxide for the titration in 
the presence of formalin was added before adding the formalin. 

It is recognised that the results of this experiment (Table II) must be applied 
with caution to the dough experiments. The amino-acid in the solution is more 
readily availabki both physically and chemically to the yeast, but the local 
concentration of amino-acid around the yeast cells in the dough may be higher 
than the bulk concentration. Because of this latter consideration the original 
concentration of amino-acid in the solution was made greater than had been 
found in the dough. 

Tabic II. Amino-acid content of a solution containing glutamic acid, 
sugar, salt and yeast. 


Time 


Amino -acid 

(hourw) 

i>n 

mg. N 

0 

5-90 

0*07 

1 

— 

0*(Ki 

2 

— 

0*48 

4 

— 

039 

« 

4*68 

()*3() 


From the quantities and dilutions used, Table II is directly comparable with 
Table I. 

It is probable therefore that the consumption of amino-acid was greater in the 
solution than in the dough, yet the nitrogen used in 6 hours represents only 
1*77 mg, of protein or approximately 1 % of the protein in a flour. 

The effect of the yeast proteawses on the flour proteins is left in doubt, but 
since in tile solution only 0*28 mg. of amino-nitrogen has been used in 4 hours, 
of whicli about half w<iukl be formed by the action of the flour enzymes, it may 
be iifferred that degradation of the protedns to the amino-acid stage by yeast is 
not serious, being about equal to the degradation caused by the flour enzymes. 

SOMMAKY. 

1. In an unyeasted flour dough the amino-acid content increased steadily 
with time. 

2. In a yefisted flour dough the amino-acid content increased slightly for 
about an hour and then decreased to an almost constant value, 

3. The rate of utilisation of amino-acid by yeast in a solution similar to the 
dough liquid indicates that in a ycast^d dough the protein is decomposed about 
twicer as rapidly as in an unyeasted dough. 

The author is indebtt^d to the University of Western Australia for the award 
of a Hackett Research Studentship during the tenure of which this work was 
carried out; to the Director and staff of Rothamsted Experimental Station for 
placing at his disposal the facilities of the Station ; and to the Research Associa- 
tion of British Flour Millers for the flours used in this work. 
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The action of short-wave radiation in afteeting the rate of growth or causing the 
regression of an established tumour is a (joinplex process which may be visualised 
in three phases. 

1. The primary physical effects of atomic excitation, ionisation and dis- 
integration, which induce physico-chemical and chemical (jhanges. 

2. The primary biological effects sucii as altered permeability of cell 
membranes or changes in the viscosity, p^, state of protein aggregation and 
enzymic activity of the cell contents. 

3. The final response of the affected tissues, both normal and cancerous, 
which is shown by visible changes in coll morphology and a general interaction 
between stroma and parenchyma. 

The work reported here deals with the second phase only, namely with the 
changes induced in the enzymic activity of cells irradiated under different 
environmental conditions. 

Many attempts have been made to attribute the action of radiation to its 
Ijredominating effect on some single structure or physico-clu^mical equilibrium 
within the coll. Any such specific action seems improbable on general gi’ounds, 
but it seems clear that damage to certain vital structures, with low powers of 
recov^ery, would lead to general impairment of cell function. In this sense it is 
possible to speak of selective damage to definite cell systems of paramount 
importance in cell economy. 

With this conception in mind, the changes produced by radiation in the 
carbohydrate metabolism of tumour cells were examined [Crabtree, 1932]. It 
was thought possible that the abnormal metabolism of tumour cells might be 
related to their supposed greater vulnerability to radium. It was found that the 
two energy-yielding processes of respiration and glycolysis were not equally 
vuhierable to radiation. A selective diminution of respiration occurred whilst 
aerobic glycolysis remained relatively unimpaired. Though radiation affected two 
cell processes in a differential manner, no support was given to the idea that 
tumour cells were inherently more sensitive than normal cells. 

This selective effect was utilised as a basis for a more extensive study of the 
possibility of influencing the vulnerability of tumour cells to radiation by varying 
the physiological condition of the respiratory system. In a series of papers [Crab- 
tree and Cramer, 1 934, 1,2; Crabtree, 1934] it was shown that the radio-sensitive- 
ness of tumour cells was a function of the chemical condition of the iron- 
containing, oxygen-transporting factor of the respiratory system. With this 
factor in a reduced condition (either in free state in N 2 -anaerobiosis or in partial 

( 2334 ) 
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combination in CO-anaerobiosis) tumour cells were less radio-sensitive than when 
it was functioning aerobically. Conversely, when the iron, in oxidised condition, 
was “fixed” by HCN, tumour cells were more radio-sensitive. Any simple inter- 
ference with the functional capacity of the glycolytic system, such as treatment 
with iodoac(?tic acid, sodium fluoride, variations in pjj or in glucose concentra- 
tion, produced no detectable effects on the radio-sensitivity of the tissue. Tumour 
tissues suspended in j)hosphate media were more radio-sensitive than when 
suspended in bicarbonate media, a fact which was attributed to the damaging 
effect of phosphate media on their respiration. All these results supported the 
original finding that the vital and labile respiratory system was more vulnerable 
to radiation than the glycolytic system and played a dominant part in the 
biological response of irradiated tumour cells. 

OiK^ result was obtained which was not explicable in terms of the above 
liypothesis. Tumour cells at low temperature were more radio-sensitive than at 
body temperature. The (uiergy-supplying chemical systems are at a standstill at 
low tem]:>eratnre, and it is impossible to describe them in terms of functional 
condition. Yet one suggestive result was obtained. By irradiating tumour ti.ssue 
und(T anaerobic conditions at low temperature, it was found that the effect of 
cold in incTcasing the radio -sensitiveness under aerobic conditions could be 
eliminated. This result conformc^d with the conception that the respiratory system 
was primarily c,oncerned in the variations of sensitivity found. 

The results summaris(Hi above were obtained in experiments w'here tumour 
tissues were irradiated in vitro under physiological conditions with knovnx 
modifications and subs(*quently transplanted. The capacity for and rate of 
gro'vi’th wen^ th(‘ iixdicators used in assessing the effects of the treatment. This 
technique had the ol)vious limitation of being solely applicable to tumour tissue. 
It was deeid<‘d to use a tccdmique which was also applicable to normal tissues, and 
in particuilar to investigate the (changes in metabolism induced by irradiation at 
low t(*mp<»Tature. The results indicate that radiation produces a differential effect 
on the metabolism of normal and tumour tissuCvS, which depends on the fact that 
tumour tissues have a characteristic high glycolysis. 

The belief in a special vuhierability of tumour tissue to radiation has often 
been expressed in the literature of radiology. The basis of this belief was question- 
able, since a distinction was not drawn between the effects of radiation on tumour 
cells and on the tumour as a whole when in living association with its host. All 
the work carried out in this laboratory had supported the idea that normal and 
tumour cells were equally vulnerable. The present work shows that that con- 
ception was premature. 

Technique. 

Previous experience had shown the essential importance of the time factor in 
experiments carried out in vitro with surviving material. Making allowance for 
variations in individual tissues, it was shown [Crabtree, 1932] that little effect on 
metabolism was detectable up to 0-7 hours of continuous y-irradiation. This 
increased the difficulty of fissessing results, since such time periods were of the 
same order as those during which surviving control tissues could be maintained 
in a condition of maximum functional activity. The only way to speed up the 
experiments was to use more intensive radiation and shorten the latent period as 
much as possible. The justification of this is given in the discussion. (jS+y)- 
Radiation from two radium applicators was used throughout this work. Each 
applicator, 23 mm. square, contained 110 mg. of RaBr^, 2 H 2 O, the equivalent of 
Ra element being 58 mg. The lids of the applicators were of silver 0-12 mm. thick. 
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Apparatus for irradiation. 

This is shown in Fig. 1 . The tissue slices were placed in a cell built up with 
many layers of mica sealed together wdth a solution of celluloid in acetone. 

The cell had a depth of 1*5 mm., and was shaped to allow an easy flow of the 
irrigating medium during irradiation. The tissue slices were held in position 



Fig. 1. Apparatus for iiTadiation and irrigation of tissue slioo.«. 

by smaU cubes of boiled kidney, which were firmly gripped between the two 
halves of the apparatus when closed. The only obstacle between the unscreened 
applicators and the tissue shoes was a thin sheet of mica m, 0'015 mm. thick, 
and the liquid layer of medium 1*5 mm. deep. The central rectangular mica 
sheet containing the cell was fitted into a hollow outer sheet of brass, rectangular 
in shape and of the same thickness as the mica. This brass was soldered on to a 
lead plate 1*5 cm. thick containing a central circular hole to receive an applicator. 
The upper half of the apparatus was similar in construction, the mica portion 
having a flat surface which formed a Ud to the cell. Suitable glass tubes sealed 
with wax in the upper lead plate and opposed to the two ends of the cell provided 
an inlet and outlet for the irrigating medium. Plasticenc effected the final 
sealing of the applicator holders and the two halves of the apparatus, which were 
tightly gripped together with heavy screw-clips. The whole apparatus, thus 
sealed, was placed in water in a tank at the appropriate temperature, and the 
medium, after passing through a glass coil immersed in the tank water, was run 
through at a suitable rate. This ensured constancy of environmental conditions 
during irradiation, an important factor often neglected in work with radiation 
in the biological field. Non-irradiated controls were tn^ated similarly in all 
expi'Timents, and no adverse effect on these controls was ever detected. The 
times of irradiation were 3-7 hours. 

Metabolism measurements. 

These wore carried out by standard methods. Generally ten bottles were used, 
five for the controls and five for the irradiated tissues. 

Respiration, aerobic and anaerobic glycolysis were measured by Warburg*s 



RADIATION AND TISSUE METABOLISM 


2^37 


method, and two additional measurements of respiration were made inphosphate- 
Ringer media. In the tables of results the original symbols introduced by Warburg 
for expressing the magnitude of respiration {Qo^)t aerobic glycolysis (Q'p)y an- 
aerobic glycolysis (Q^^) and total CO 2 evolved are used. 

The last symbol is used only in Table III, which deals with normal tissues 
having a low aerobic glycolysis. The expression Cco«~*^o. shows the re- 
lationship of these magnitudes, assuming r.q. unity. 

Results. 

Irradiation of tumour tissue under aerobic conditions or in 
presence of Ii/Ll600 HON at 37‘t5^, 

The tumour mainly used was Jensen’s rat sarcoma (J.R.S.), though a few 
experiments have been made with tumour strains growing in mice. The latter are 

Table I. Comparison of changes in the metabolism of tummr tissue 
irradiated under different conditions, 

1-0, in R.G.B. at ST S'" aerobically. 

7-18, in if/600 HCN in R.G.B. at aerobically. 


Time of 
racoaure- 



Time of 

Irrigating 

ment of 


Control 



Irradiated 



irradia^ 

medium uwhI 

meta- 

— 

— 

-A. 







lion 

during ir- 

bolism 




Qoi 




Qot 

No. 

(hours) 

radiation 

(hours) 

Qo, 



(phosph.) 

Qo^ 

Q'i! 


(phosph.) 

1 

4 

R.G.B. 

2 

III 

22*9 

33*6 

9*9. 8*9 

9*4 

24*0 

31*2 

9*1, 8*2 

2 

4 

ff 

2 

140 

20*5 

31*3 

10*1, 9*6 

11*5 

214 

33*0 

9*8, 7*9 

3 

5 

!♦ 

1 

13-6 

24*3 

:u*i 

9*8 

154 

26*1 

33*0 

8*9 

4 

5 

f9 

1 

12-2 

2r)(> 

32*7 

10*5, 8*9 

9*8 

26*8 

31*9 

9*1, 8*6 

6 

6 

9f 

1 

100 

23*5 

:ui 

8*2, 8*1 

.5*5 

22*9 

30*8 

4*2, 5*3 

6 

6 


1 

11-3 

26-3 

30*1 

9*2, 9*6 

7-8 

25*0 

37*3 

6*7, 54 

7 

3 

Ji/000 HC^N in 

2 

17-6 

24*2 

36*3 

10*8 

18*2 

25*9 

35*2 

10*9 



R.G.B. 



4 

4 

I 

y 

4 

4 

4 

4 





13-5 

20-9 

32- 1 

9-2 

2*0 

18*9 

22*3 

4*3 

8 

3 


3 

16-3 

24-4 

38*1 

10*6 

15*7 

21*9 

35*3 

9*9 






I 

4 

4 

4 

4 

4 

4 





15- 1 

25-3 

36*2 

8*3 

0 

14*3 

234 

2*8 

9 

3 

M 

4 

14-8 

26-4 

37*0 

12*1 

7*5 

23*5 

35*0 

7*0 






1 

4 


4 

4 

4 

4 





13*8 

25*1 

340 

10*9 

0 

14*9 

21*0 

3*5 

10 

3 

> 

3 

140 

310 

39*0 

11*0 

12*0 

30*6 

39*8 

10*5 






1 

4 

4 

4 

4 

4 

4 





11-2 

284 

37*2 

9*8 

5*6 

22*6 

28*3 

3*6 

11 

4 

f» 

3 

10-4 

341 

42*0 

10*2 

14*7 

31*2 

40*6 

9*8 






1 

1 

y 

4 

4 

4 

4 

4 





12*9 

290 

38*0 

10*0 

6*0 

24*0 

32*0 

7*2 

12 

4 

It 

2 

12-7 

30*2 

38*3 

9*8 

6*3 

15*2 

17*2 

3*4 






4' 

4 

4 

4 

4 

4 

4 





11*9 

29*3 

36*1 

8*6 

0 

9*2 

12*0 

2*2 

13 

4 

II 

4 

12-9 

27*9 

35*2 

11*0 

12*8 

23*6 

30*0 

9*6 






4 

4 

4 

4 

4 

4 

4 





9-6 

26*5 

33*8 

9*4 

4*2 

12*5 

18*3 

2*0 

U 

4 

tt 

1 

17-7 

30*7 

40*1 

12*3 

0*6 

7*5 

11*0 

M 

15 

5 

♦ I 

1 

17*0 

25*3 

36*0 

8*6 

0 

6*9 

3*4 

0*9 

16 

5 

It 

1 

10*9 

24*8 

31*2 

11*2 

0 

5*8 

6*2 

0 

17 

6 


1 

16*2 

31*8 

40*3 

124 

0 

6*2 

7*8 

0 

18 

6 

>t 

1 

12*9 

25*3 

38*5 

11*3 

0 

4*9 

8*0 

0 


I In Exps, 7-13 the initial and dual valuea of the metabolism quotients ate given, the arrows indicating a 
progressive change iiom one to the other dui*ing the time of measurement of metabolism. 
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always unsatisfactory in work on tissue metabolism, since homogeneous slices of 
adequate size are difficult to obtain. All the results quoted in the Tables refer to 
experiments with d.R.S., though the mouse tumours behaved in a similar 
manner. 

The irrigating medium was either Ringer-glucose-bicarbonate (R.G.B.) 
alone, or Jf/600 HCN in R.G.B. The composition was described earlier [Crab- 
tree, 1928], and the gas phase was 5% COg in oxygen. Table I contains some 
typical results and shows the times of irradiation and of the subsequent measure- 
ment of metabolism. 

The general result confirms previous work. Tumour tissue under the influence 
of radiation at 37 suffers a selective diminution of its respiration during a 
period when its glycolysis, aerobic and anaerobic, is relatively unaffected. When 
the respiration is almost completely ‘‘fixed" with HCN, radiation produces a 
similar effect, but in considerably greater degree over corresponding periods of 
treatment. As was found by the transplantation technique described in the 
introduction, tumour cells treated with HC^N and irradiat/cd at body temperature 
are more vulnerable to radiation than when the respiration is functioning nor- 
mally. No doubt other inhibitors of respiration would yield similar results, but 
since it is difficult to see any useful clinical application arising from this idea, 
this type of experiment has not betm extended. Moreover the technique cannot 
be applied to normal tissues dependent for survival on respiration alone. The 
value of these experiments is in showing that the increased vulnerability of 
tumour cells with “fixed’' respiration is made evident when two widely different 
criteria for assessing radiation effects arc used, viz, transplantability in 
the animal after small exposures, and inhibition of metabolism in vitro after 
large exposures. 

Irradiation of tumour tissue at different temperatures. 

Table II contains a summary of typical results obtained. Tlu^y have been 
selected at random. 

The generalisation that irradiation at body temperature primarily affects 
respiration and irradiation at low temperature primarily affects glycolysis holds 
for every experiment carried out, the variations, considered quantitatively, 
being attributed to inherent variations in indi^ddual tissues. Such individual 
differences are more apparent when irradiation is carricfl out at body temif>era- 
ture and respiration is the point of attack. At low temperature there is greater 
uniformity of result; with a suitable dosage a clean-cut inhibition of glycolysis is 
possible whilst respiration is maintained unimpaired, the tumour tissue tem- 
porarily metabolising like a typical non-glycx>lysing tissue, e.g, liver. 

One interesting point was noticed frequently. After irradiation at low 
temperature, metabolism measurements showed that anaerobic glycolysis was 
smaller than aerobic glycolysis. Using Warburg's two-bottle method for 
measuring respiration and aerobic glycolysis together, the accuracy of the 
calculated values of these two quantities depends upon their relative magnitude; 
a high glycolysis with a low respiration implies that the respiration may be 
inaccurately determined and vice versa. That the anomaly is not explicable on 
this basis is shown by the addition of HCN, which increases glycolysis to a figure 
somewhat greater than either the calculated aerobic glycolysis or the anaerobic 
glycolysis measured in nitrogen directly after irradiation. It is clear that the 
effect depends upon the power of recovery under different conditions ; in oxygen 
tliis recovery is significant but not great; in nitrogen it is negligible. 
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Table II. Changes in the metabolism of tumour tissue (J.B,S,) 
irradiated at different temperatures. 



Temp‘ra- 
ture durinff 

Irrigating 

medium 


Control 



Irradiated 


Time of 









i " ‘ 



•* 

f' 


. . 

^ 

irradiation irradiation 

used during 


OS? 

oi* 

Oo* 


oS; 

05^“ 

Qoi 

(hours) 

^C. 

irradiation 

Qo, 

(phosph.) 

Ooa 

(phosph.) 

4 

37-5 

R.G.B. at^robic 

IM 

22-9 

330 

9-9, 8-9 

9-4 

24-0 

31-2 

9-1, 8*2 

5 


»» 

M 

181 

28-5 

9-7, 91 

10‘9 

20-1 

27-0 

8-9, 7-0 

5 


f* 

12'2 

250 

32-7 

10-5, 8-9 

91 

20*8 

31-9 

7-8, 7-5 

0 

»> 

it 

100 

23-5 

34- 1 

8-2, 81 

5*5 

22-9 

30-8 

4-2, 5-3 

4 

h) 


12*2 

22-6 

30-2 

9-5 

11-2 

13-5 

17-3 

7-9, 7-9 

5 



1.3- 1 

250 

33-6 

10-0, 9-8 

8-0 

15-0 

28-0 

0-3, 8-0 

5 


it 

10-2 

231 

31 0 

8*9, 9'0 

9-0 

17-1 

20-0 

7-3, 04 

5 

20 

it 

11-4 

26*0 

350 

10 0, 8 0 

7-9 

201 

30-0 

04,74 

4 

10 


10-9 

22*9 

358 

10-9, 11-2 

H-0 

11-2 

22-9 

8-8, 9*1 

5 

f 


8-3 

19*3 

280 

101, 9-4 

10-4 

00 

3-0 

8-1, 9-0 

5 

>* 

if 

11-3 

24 3 

350 

10-0, 9-3 

lO-l 

40 

0 1 

8-0, 9 0 

4 

0-1 


11-9 

21-3 

29*3 

8-0, 8*0 

9-3 

10- 1 

155 

74, 7*9 

.) 



9-9 

20*0 

31-9 

8*9, 7*9 

8-0 

24 

5*8 

7-9, 7-9 

.1 



130 

20*8 

32*9 

81, 9-2 

12-9 

4*5 

70 

7-0, 8-5 


U 

it 

10-9 

27-4 

38-2 

15-7, 12-0 

5-5 

0 

2-5 

8-3, 0-9 

0 

*» 

tf 

101 

181 

25‘9 

8-H, 8-4 

03 

5-8 

0‘H 

7-7, 0*8 

3 

0-4 

H.O.B, anaerobit' 

14-0 

24-2 

340 

U O, 0-7 

130 

130 

21*8 

11-9, 9*2 

4 


ft 

9-4 

23‘9 

37-5 

n-i,8-8 

0-7 

10*0 

8-3 

12-1, 7-0 

4 

»« 


7-4 

250 

33'9 

7-9, 91 

9'1 

11-7 

l.Vl 

7*7 

0 



8-2 

23-3 

30*5 

9-4 

11-4 

4-0 

2-5 

84, 9-0 

5 


*9 

110 

25-3 

30-3 

10 0, 8-9 

104 

3-0 

40 

8*0 

3 

0-4 

;V/000 HCN in 
H.O.B. 

no 

20-2 

33-7 

7-4, 71 

IM 

134 

7-0 

8-0, 7-0 

4 


»t 

10-2 

20-7 

32-0 

10 2, 7-5 

94 

O'O 

9-5 

7-1, 0-0 

5 

1* 

it 

n-3 

22'8 

30H 

9-8, 7*9 

10-9 

0-5 

I'O 

10-0, 74 


Tumour slices have been irradiated at two intermediate tem])eratures 
(10'’ and 20°) with a view to finding the upper limit of the low temperature 
effect. At 10° the results are indistinguishable from those obtained at 0~4°. 
This may prove a useful practical consideration should the low temperature 
(effect be utilised clinically. At 20° the effect is mixed, both the })artially 
functioning respiration and glycolysis being inhibited. This observation may 
have a bearing on the conflicting results obtained by other workers who have 
measured the effects of radiation on metabolism. 

If, instead of irradiating in the cold under aerobic conditions, HCN is added 
to the irrigating medium or Nj replaces Og, no difference is found in the results 
obtained. Destruction of gly colysing power and maintenance of respiratory power 
are the invariable effects, ftobably this reflects the limitations of the teclmique, 
as it contrasts with results already recorded in which the transplantability of 
tumour tissue was used to assess the effects of radiation. When dealing with 
artificially induced tissue degeneration, which only occurs after many hours of 
treatment, as in radiation experiments, differential effects can only be detected 
when they are of considerable magnitude. Evidently the relatively rapid damage 
to the glycolysing system at low temperature exceeds the attack on the respira- 
tory system, whatever its condition, under the circumstances of these experi- 
ments. 
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Fig. 2 shows a graphical summary of all the results obtained by irradiating 
tumour tissue under different conditions. It does not represent a series of 
individual experiments, but a composite picture of the general nature of the 
differential effects observed. 


Irr«clMUon 37‘5 "C. (msrobtc) 

.. M .. {-X"CN) 

„ „4“I0"C (aerobic) 



Fig. 2. Effect of radium irradiation on the carbohydrate metaboli«m 
of tumour tissue surviving under different conditions. 


Table III. The metabolism of some normal tissues after irradiation 
at low temperature 



Time of 


Control 


Irradiated 


irradiation 


- . j.. 












Tissue 

(hours) 

^o. 


^i^Oaipbosph.) 



<^o* (phosph.) 

Rat kidney 

3 

21*2 

20*3 

17*3, 18*9 

20-9 

19*6 

18*0, 17*9 


4 

18-6 

18*1 

17*3, 18*3 

18-9 

17*3 

17*0, 16* 1 


4 

17-9 

16*9 

17*3, 15*7 

17*7 

17*5 

20*6, 16*0 


5 

— 

— 

14*3, 14*7 

— 

— 

15*2, 14*8 


5 

14-2 

14*0 

14* a , 33*5 

15*0 

15*3 

13*6, 14*7 


0 

isa 

15*1 

15*0, U -8 

16*3 

16*0 

14*5, 15*1 


6 

11-3 

no 

10*3, 10*3 

8*6 

9*0 

10*3, 8*4 

>♦ 

6 

18-6 

18*9 

16*2, 15-3 

14*6 

15*0 

11*4, 12*6 

Rat liver 

6 

a -6 

7*3 

8*3, 7*7 

8*3 

8*8 

7*4, 7-9 


6 

8-2 

9*9 

8*3, 0*9 

8*9 

10*7 

8*0 


6-5 

9*3 

10*4 

9*0, 8*7 

8*0 

9*0 

8*2 

>» 

a 

IM 

12*0 

10*2. 9*0 

10*1 

120 

8*9, 7*0 

Rat testis 

a 

8*6 

10*5 

7*9, 7 *a 

7*8 

9*3 

9*2, 7*4 


a 

9*3 

11*4 

8*8, 8*6 

9*0 

10*1 

9*0, 7*9 

>» 

7 

90 

IM 

8*4, 8*3 

7*0 

8*2 

6*3, . V 3 

Rat spleen 

r > 

10-3 

15*1 

9*3, 9*9 

9*2 

11*3 

8*6, 9*0 


5 

13*2 

18*6 

12*2, 10*1 

9*2 

11*3 

10 4. 9*1 


6 

8*9 

12*6 

8*0, 9*0 

6*0 

7*1 

0*3. 61 
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Irradiation of normal tissues at low temperature. 

It is impossible to apply the technique used for tumour tissues to normal 
tissues irradiated at body temperature. During the minimum latent period of 
3-4 hours which elapses before radiation effects are detectable, normal control 
tissues at 37*5” degenerate too rapidly. At low temperatures this spontaneous 
degeneration does not occur. In Table III are collected typical results of experi- 
ments in which normal tissues were irradiatexi under conditions which produced 
a large or complete inhibition of glycolysis in tumour tissue. No significant eflect 
on the respiration of any of these tissues was found. Any effects produced on the 
low glycolysis of some of the tissues used were not detectable with certainty, as 
they were within the margin of error of the technique employed. 

Discussion. 

Few workers have studied the effect of radiation on tumour metabolism, and 
the results recorded have bexm conflicting. Crabtree [1932] and Holmes [1933] 
have drawn attention to some of these but failed to reconcile the different 
findings. It is possible that the results recorded here offer a partial explanation. 
Many workers with radiation in the biological field concentrate upon accuracy of 
dosage and do not clearly define the environmental conditions of their material 
during irradiation. Since the dosages required to obtain a certain result, e.g. 
inhibition of the capacity for groivth on transplantation, may vary by 100 % 
according to the external conditions during irradiation, it is clear that the latter 
are of ecjual importance in obtaining significant results. 

Two criticisms may be directed against this work, nz, that the results have 
been attained with enormous doses of (jS-f y)-radiation, and that the experimental 
conditions, when compared with those found clinically, are too simple. In 
answer, it may be j)ointc^d out that when surviving tissues are irradiated in vitro 
the effects produced are the same for (j3+y)- as for y-radiation, wdien the smaller 
intensity of y-radiation is compensated by a longer period of treatment. Experi- 
ments on metabolic changes, transplantability and regression of tumours in the 
animal all support this view. In clinical w^ork y-radiation and X-rays are 
obligatory on account of their greater penetrating powers and the greater ease 
of obtaining more uniform dosage. In the experiments described here the 
maximum intensity of radiation available was deliberately used in order to 
shorten the expt^rimental jx^riod and prevent adverse effects on surviving control 
tissues, which might confuse the results. 

That the effects described are not entirely dependent on the largo doses used 
is suggested by two facts. 

1. A few experiments were carried out using y-radiation only and slightly 
increasing the time of irradiation. The same type of effect was produced but to a 
lesser degree. The technique used only permits reactions to be followed over a 
limited time, but it is probable that once reactions are initiated, provided the 
dose applied has been sufficient to prevent reversibility, they proceed to the 
same end-point in a time wliich is a function of the dose. 

2. The results of the metabolism experiments, where they are reproducible 
at aU, run parallel with the results of the transplantation experiments. In the 
latter case comparatively small doses were used (30-40 min. of (/S-f y)-, 3-4 hours 
of y-radiation alone). This again suggests that large and small doses initiate 
processes which are similar in type, the size of the dose only determining the time 
before the end-effeot is reached. 
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The hypothesis put forward in earlier communications, that the functional 
condition of the respiratory system determines the response of living cells to 
radiation and that the glycolytic mechanism is not primarily concerned, is only 
true when irradiation is carried out at body tempe^rature. Respiration is a process 
common to all mammalian tissues ; to attempt to make a differential attack on 
normal and tumour tissues by modifying this process did not promise anything 
of clinical value. 

High aerobic glycolysis differentiates patliological overgrowths from almost 
all normal tissues. Irradiation at low tem|»eratures might provide a method of 
using this difference to damage the tumour cell selectively by inhibiting its 
secondary mechanism for obtaining energy. Glycolysis in tumour cells is 
probably helpful in aiding their survival under conditions of restricted oxygen 
supply. A badly vascularised tumour, where regions in a state of partial 
anaerobiosis must exist, is notably insensitive to radiation applied at ordinary 
conditions of temperature. It is suggested that irradiation at low temperature 
might make such a tumour more sensitive by selec*tiv<?ly damaging its glycol>i}ic 
mechanism. 

Whether irradiation at low temj)erature can be used to enhance tlu^ damage 
to tumour cells with a concomitant sparing of adjacent normal tissues in clinical 
cases remains to be proven. Experiments to test this conception are in progress. 

Mottram [1924] recorded a relatively increased skin rc'action after exposure 
to radiation at low temperature. This enhanc^od effect on normal tissues is not 
incompatible with the results recorded here. In Mottrarn's work the reactions 
of normal skin at different temperatures were compared. This work contrasts the 
reactions of normal and tumour tissues under the same condition of low temjxjra- 
ture and shows a differential effect which is favourable to the normal tissue. 

Summary and Conclusions. 

1 . The effect of radium radiation on the carbohydrate metabolism of normal 
and tumour tissues, irradiated in vitro under different environmental conditions, 
has been studied. 

2. '‘Fixing” the respiration of tumour tissue with HCN at 37*5° makes it 
more sensitive to radiation. 

3. Irradiation of tumour tissue at body temperature, either under ac^robic or 
anaerobic conditions or with HCN presemt, causes a selective lowc^ring of respira- 
tion whilst glycolysis remains relatively unaffected. The effects produced vary in 
degree, but are similar in character; respiration is primarily damaged at this 
temperature. 

4. Irradiation of tumour tissue at low temperature (0-10®), either under 
aerobic or anaerobic conditions or with HCN yiresent, causes a selective lowering 
of glycolysis, whilst respiration remains relatively unaffected. This selective 
damaging of glycolysis is much more pronouncetl than the converse effect on 
respiration at body temperature. It is possible to effect a clean-cut elimination 
of tumour glycolysis, leaving respiration intact. 

5. Irradiation of normal tissues (spleen, liver, kidney, testis) at low tempera- 
ture, under identical conditions of time and environment, produces little (or no) 
effect on their metabolism, since their respiration is not accompanied by aerobic 
glycolysis. 

6. This differential damaging of tumour cells at low temperature by way of 
their characteristic glycolytic process may be of clinical value. 
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The need for accurate information as to the quantities of amino-acids yielded 
on acid hydrolysis by proteins derived from green forage crops requires no 
emphasis in view of their value to the animal as food. Particularly important 
are arginine, histidine and lysine, the last b(‘ing one of the two indispensable 
amino-acids which the animal body apparently eamiot syntht‘sis(^ This is 
especially exemplified in milk production from (H)wh, for, the milk proteins being 
relatively rich in lysine, the milk yields will be low if insufficient of this amino- 
acid be present in the pasturage [cf. Morris and Wright, 1933, 1,2]. 

In the present research the protons from a number of typical forage grasses 
(including red clover) have been analysed for the basic arniiio-acids by methods 
which involve their actual individual isolation and which can therefore b(‘ 
expected to give reliable results. Estimation by the \'an Slyk(‘ procedure, which 
depends mainly on the amount of nitrogen precipitated by phosphotungstii* 
acid under controlled conditions, has been explored and found to give valiu's for 
these jiroteins which can only be regarded as extravagant. 

Experimental. 

The preparation of the proteins used in the present work has already been 
described [Miller and Chibnall, 1932; Chibnall et al., 1933]. 

Large scale analysis of the basic amino^acids of cocksfoot protein. 

The method adopted was that of N'iekerv and his eo- workers [rf. \’^iekerv and 
Shore, 1932]. 

88*7 g. of dry jiroton (N, 13*9 %, ash-free) prepared from samples of cocksfoot 
cut in the spring of 1932 were used. The general procedure has been givcui in the 
above-mentioned and preceding papiTS [espt‘cially Vicikery and Lfmvenworth, 
1928], but since it has l>een varied from time to time in certain details it may 
be stated here that the following reagents were used in the presemt work : 

L Hydrochloric acid in the initial hydrolysis. 

2. Silver oxide throughout, both for the introduction of (‘xeess silver ion 
and for the removal of chlorides. 

3. Hydrogen sulphide to remove silver. 

4. Kahlbaum's cupric hydroxide to precipitate cystine (present only in 
small amount in the grass proteins). 

5. Kahlbaum’s phosphotungstic acid for the precipitation of lysine. 

The results are shown in Table I. 

As a check on the total bases estimated by this and the Block procedure 
detailed below, a determination of total basic N by the usual method of Haus- 
mann was also made, using again Kahlbaum’s phosphotungstic acid. 

( 2344 ) 
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Table I. Large scale analysis of cocksfoot protein. 


Arginine 

Expressed as 

N in ‘>0 
protein -N 

13‘6* 

Expressed as 
% of protein 
(N-rBj.0%) 

()*40 

of 8 in flavianates and 
explosion points of picrates 

Found 'Theory 

G-r>0 6-5fi 

Histidine 

1(>({ 

0-93 

8-23 

817 

Lysinti 

0-27 

411 

1st crop 207 

2C)0-207"" 

Total bases 

Total ba8(?s 
(Hausmann) 

2t>.>3 

2d'0 

11-44 

2nd and 3rd 
crops 200 " 



* This ligure includes a solubility' coiT‘o<*tioii for the silver salt of arginine; if this correction be 
excluded the figure Avould be 12*7 ‘V,. 

Small HC4de analysis of (he basic amino^acids of various proteins. 

The method wan e«8(mtially the very convenient application of the above 
largi* scale analysis to small t|uantitie8 of-proteins, devised by Block [1934]. His 
procedure v^as adhered to, but in addition, from the present author's experience, 
the following comments are worth recording. 

Jn the initial i*einoval of sulphuric a<*id an barium sulphate it was considered safer, in vuew of 
the l)uikiri<*ss of the precipitate, to give it mon* than one washing with boiling water, especially in 
the case of proteins such as those from grasses, which give rise on hydrolysis to a considerable 
amount of humin. 

UiHuitnc, In the, jirecipitation of histidine as its silver salt, it is more accurate and takes little 
longer aftm- c-xjs'rionce has Ih'cii gained to follow' the large scale analysis in the adjustment of the 
reaction to pn viz. w ithdrawing 'Z ml. 8ample.s from the supernatant liquid after the precipitate 
has settled, mi.\ing with 2-3 drops of bromothymol blue and comparing with 2 ml, of a buffer 
solution of 7*2 with the wsame amount of indieator. 

Lynim’, Block recommends that the strongly alkaline filtrate from the precipitated arginine 
silver should mivde acid to pn 1 to remove barium. The pivsent author has soimdimcs found it 
necessary to make more aiud than tliis to ensure the removal of all barium, ow'ing to the presence 
of a eonsidenible amount of nitric acid. As Block implies it is advisable to precipitate the silver 
as Huljihidi* before removing the barium sulphate precipitate, as the combined precipitates can 
then washed more easily and with less chance of formation of colloidal solutions; if the^e do 
form they can Iw cleared by the addition of a drop or two of 20 sulphuric acid. Two w'ashinga 
wore given. The resulting filtrate and washings should on no account Ih‘ reduced in volume below 
5 ml. otherwise the concentration of the nitric acid will bring about decomjiositioii of the Ij'sine. 

Kahlbaum's phosphotungstic acid was u.sed to precipitate the lysine. The lysine phospho- 
tungstatt^ should not be ex(> 08 ed to a high temperature for longer than is necessary, owing to the 
possibility of decomposition. For a similar reason, the solution, after the addition of the o g. of 
barium hydroxide, should not be heated for more than a few minutes at 90 . If decomposition has 
taken pla<je at this or any previous stage it will be showm by the development of a yellow colour in 
the solution, either at once or after the addition of barium carbonate and subsequent concentration 
of the solution. This will rfisult in the separation of a browm oil on adding alcohol to the concen- 
trated lysine carliouate solution. If for any of the above reasons the lysine estimation bo vitiated, 
the experiment can be repeated on another sample of protein without the necessity of precipitating 
arginine and histidine separately; they can be removed together as their silver salts at pu 14. 
Kosults of the analysis are given in Table II, and when comparing them with those given in Table 1 
it is to be remembered that no correction for the solubility of arginine silver has been applied. 

Of the two methods described above that due to Vickery takes tbo longest 
time but would appear to be the most reliable and accurate. Prom Table I it 
will be seen that the flavianates analyse for sulphur to within less than 1 % of the 

149—2 
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Table II. SmaU scale analysis of various proteins. 


Season 

when 


Protein 

prepared 

% ofN 

Cocksfoot 

Spring 

13-9 

Perennial rye-grass 

Autumn 

12-8 

Hard fescue 

Autumn 

150 

Timothy 

Autumn 

13-8 

Red clover 

Autumn 

12-8 

Rough-stalked | 

Autumn 

13*4 

meadow grass j 

Spring 

1.3*7 


Expressed as N in % of protein-N 


Arginine Histidine 

Lysine 

Total 

base 

Hausmann 

total 

base 

12*2 

2*2 

* 

— 

20*0 

12-0 

2*7 

5*3 

20*6 

22*5 

12*1 

2-3 

5*3 

19*7 

22-8 

12-2 

2*4 

4*5 

19*1 

23*5 

12*4 

2*3 

4*4 

19*1 

22*8 

12-7 

2*0 

4*5 

19*2 

20*5 

131 

1*9 

5-3 

20*3 

23*1 


♦ Eraction lost. 


theoretical. The one possible source of error is in the correction for the solubility 
of the silver salt of arginine. This is of considerable magnitude, amounting to more 
than 6*5 %, and obviously cannot be fixed with any accuracy since the solubility 
will vary with the nature and quantity of the other amino-acids present. 

The Block application of the above method is much more rapid and can be 
carried out on much wsmaller amounts of protein, but the time saving is mainly 
effected by decreasing the number of silver precipitations, for instance, giving 
only one histidine precipitation at pn 7*2 instead of the two which Vickery and 
Leavenworth [1928] hold to be necessary in order to avoid arginine contamina- 
tion in the final histidine fraction. Moreover Block takes out the histidine silver 
precipitate from a solution containing all the other products of protein hydro- 
lysis, instead of taking out an initial silver precipitate at p^ 13-14 containing 
both arginine and histidine and separating these subsequently. At any rate in 
the series of Block analyses given in Table II the prestmt author has found that 
both the arginine and histidine flavianates show sulphur contents varying from 
2*5 to 8 % higher than the theoretical. Otherwise the agreement bt^tween the one 
large scale analysis (Table I) and the corresponding small scale analysis (Table 
II) is fairly close, the latter being a little lower in arginine and a little higher in 
histidine. This seems to point to arginine contamination in the histidine fraction, 
but this may not necessarily be so since the sulphur content of the histidine 
diflavianate is high. Moreover none of the characteristic orange-coloured argi- 
nine flavianate could be detected in the yellow histidine diflavianates. It is 
possible then that the high sulphur percentage is accounted for by slight con- 
tamination with flavianic acid itself, presumably due to the very small volumes 
of solutions used. 

It will also be apparent from Table II that the yields of total bases by isola- 
tion fall short of the Hausmann figures by some 6-18 %, but part of this differ- 
ence is accounted for because in the Block (and also the Vickery) method the 
figures given for lysine (isolated as picrate) represent yields of 69^77 % of the 
nitrogen in the fraction precipitated by phosphotungstic acid. If this residual 
nitrogen, presumably mainly non-lysine-N, is taken into accoimt, the difference 
between the Hausmann figures and those obtained by isolation is reduced to 
1-8%. Taken as a whole, the results given in Tables I and II compare 
favourably with those quoted by Osborne [1924] for a large number of seed 
proteins analysed by the Hausmann and the older Kossel methods respectively. 
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Fan Slyhe anulysis of the basic amino-acids of cocksfoot protein. 

As has already been mentioned the total basic N calculated from the yields 
of the isolated bases is very close to that obtained by simple precipitation with 
phosphotungstie acid according to the procedure of Hausmann, but is consider- 
ably lower than the value (27*9%) obtained by Miller and Chibnall [1932] from 
a different sample of cocksfoot protein analysed by the method of Van Slyke. 
Since a sample of the protein used in the two former determinations was not 
available another sample (jontaining 13*7 % N was analysed by the latter method, 
and the total basic N (28*8%, uncorrected for solubility of bases, as shown in 
Table III) was even higher than that found by Miller and Chibnall. 

Table 111. Van Slyke analysis of a cocksfoot protein. 

Expressed in of protein-N uncorrected for solubility of bases. 


Ami(io-N 




0*28 

Humin-N 




G14 

Arginine-N 




l.‘b0 

Histidine *N ... 




71 

"‘Lymno-N 




8*1 

MonoarainO'N 




570 

Non-aminO'N 




0*25 

Total recovered 




9907 

Total basic N 




28-8 


* The cystinc-N of this protein is about 0*15%. 

Reference t-o the results of analyses of numerous seed proteins by the Kossel 
and Hausmann methods quoted by Osborne [1924] and the corrtjsponding data for 
\’an Slyke analyses collected by Larmour [1928] shows that discrepancies of this 
order, viz, b-8 units in the |H^rcentage of basic N, are fairly general between the 
direct and indirect methods of analysis. In all cases the difference is accounted 
for almost entirely by enhanced values for histidine-N and lysine-N. Attention 
has occasionally l>een drawn to this point by previous workers, but the only 
constructive criticism so far advanced has been that of Gortner and Sands trom 
[1925] who point out the possible interference of proline in the Van Slyke 
analysis. One important difference however in the respective procedures of 
Hausmann, Kossel, VickcTy and Block on the one hand and of Van Slyke on the 
other hand seems to have passed unnoticed, namely, that in the former the 
precipitation of the bases with phosphotungstie acid is made in the presence of 
sulphuric acid, whilst in the latter it is made in the presence of hydrochloric acid. 
To find out if the change of mineral acid was indeed the cause of the discrepancy, 
the following experiment was carried out with a sample of the cocksfoot protein 
used in the second Van Slyke analysis. 

Determination of N precipitated by phosphotungstie acid 
under Hausmann and under Van Slyke conditions, 

4*09 g. of protein, containing 0*557 g, of N, were hydrolysed by boiling under 
reflux with 120 ml. of 20% hydrochlorio acid for 16 hours. The solution was 
evaporated to dryness in vaew at 45® to remove free hydrochlorio acid, the 
residual S 5 rrup taken up in 300 ml. 6f water, and 45 mi. of a 17 % aqueous 
suspension of magnesium oxide were added. Ammonia and humin wei*e removed 
in the usual way and the amino-acid filtrate was reduced in volume to 100 ml. to 
provide four equal portions for the following experiments. 



2348 


E. J. MILLER 


1, Two portions were treated according to Van Slyke's procedure as follows. 
Each portion was diluted to about 40 ml. and treated with 6 ml. of concentrated 
HCl and 5 g. of Kahlbaum’s phosphotungstic acid dissolved in a little water. 
The mixture was diluted to about 67 ml., heated on a boiling water-bath until 
the precipitate had practically all dissolv<»d and kept for 46 hours at room tem- 
perature. The recrystallised phosphotungstaies were filtered off on a 5 cm, 
Buchner funnel through a hardened filter -paper and washed, vidthout inter- 
rupting suction, with 17 ml. of the usual wash-liquid (2*5% phosphotungstic 
acid in 3‘5 % HCl) in portions of 4-5 ml. at a time. The whole of the precipitate 
was dissolved in N NaOH and submitted to Kjeldahl analysis. 

2. The remaining two portions were each diluted to 1(K) ml. and treated with 
5 g. of concentrated H2SO4 and 30 ml. of 20% phosydiotungstic acid in 5% 
H2SO4 . The mixture was left for 22 hours at room temperature, centrifuged and 
the precipitate washed with 200 ml. of 2*5% phosphotungstic acid in 5% 
H2SO4 in three successive portions of 60-70 ml. each. The final centrifuged 
precipitate was analysed for total N as before. 

In 1 (Van Slyke conditions) the duplicate results for total basic N were 29*4 
and 29*8% of the protein-N, whilst in 2 (Hausmann conditions) the (‘.orrespond- 
ing figures were 22-4 and 22*4% respectively. The exi)eriment demonstrates 
quite clearly that the greatly onlianced values for total basic N obtained by the 
Van Slyke method are due to the employment of hydrochloric acid at this stage. 
The nature of this excess basic N is already being investigated in this laboratory, 
for clearly the present findings cast doubt on the validity of the whole Van 
Slyke procedure and of the numerous analyses of proteins and foodstuffs which 
have been made by means of it during the past 20 years. 

7^ he basic ammo-acids of pasture proteins. 

From Tables I and II it will be apparent tliat the proteins from the. various 
forage grasses, including red clover, differ very little in their contents of basic* 
amino-acids in spite of their variations in total N (12*8-15*0%), confirming the 
view already expressed [Miller and Chibnall, 1932; Chibnall ei al., 1933] that the 
N-free material always present to some extent in these preparations is merely 
an adulterant, and that the leaf protein as a whole, though difiering somewhat 
in each individual case, must be, if not a chemical entity, at least a mixture of 
proteins of very similar constitution. 

In the two papers referred to immediately above evidence was given that 
the samples of protein, obtained in yields of from 10 to 30%, could be taken as 
representative of the whole leaf protein. Since the basic amino-acids probably 
undergo little, if any, decomposition during the hydrolysis of a protein in thv. 
presence of much carbohydrate material, opportunity has been given to test this 
supposition in the following way. 

A supply of freshly cut spring pasturage of good agricultural quality, con- 
sisting chiefly of perennial rye grass, was obtained from Jealotts Hill on the 
22nd of May, 1935. The dry weight was 22% and the total nitrogen 2*63% of 
the dry weight. 8 kg. of the fresh grass were treated by the method of Chibnall 
et al. [1933] and 52*7 g. of protein (N, 12*1 %, ash-free) were obtained, repre- 
senting a yield of 17*4 % of the total leaf protein. 

The remainder of the fresh grass was dried rapidly (1-2 hours) in a steam- 
oven tiirough which a slow current of air was drawn and then ground to a fairly 
fine powder in a small mincing machine. 29*2 g. of this material (dry weight, 
26*9 g.) were exhaustively extracted with ether in a Soxhlet apparatus to remove 
fatty substances, chloroj^yll e<c. and the residue was treated twice successively 
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with 300 ml. of the following solvents at the boiling-points (to remove all non- 
protein nitrogenous substances), viz. 95% alcohol, 50% alcohol and water; 
20 % of the total leaf-nitrogen was removed in this way. The final protein-rich 
residue was only faintly straw-coloured. Previous experience had shown that 
the protein was best extracted from this residue by the use of 4% HCl; accord- 
ingly 13*5 g. of the dry residue, containing 0*45 g. N, were extracted with 450 ml. 
of 4 % HCl by boiling under reflux for 48 hours. After cooling and filtering, the 
dried residue weighed 5*34 g. and contained 0*053 g. N, whilst the filtrate and 
washings contained 0*373 g. N; 88% of the total protein -N had therefore been 
extracted. This yield compares very favourably with the previously mentioned 
17*4% for the isolated protein. On the other hand the latter contained 12*1 % 
of N, whereas the protein extract contained solid material amounting by differ- 
ence {13*5-5*34) to 8*10 g. with a nitrogen content of 0*373 g. or only 4*7%. 

The 4% HCl extract mentioned above was evaporated to dryness under 
reduccnl pressure at 45'\ the residiu* dissolved in water and the solution again 
(ioncentrated to remove most of the free HCl. The residual syrup was dissolved 
in 40 ml. of water, an ecpial voIutik* of concentrated HCl was added, the whole 
boiled under ndlux overnight (16 hours) and the solution freed from HCl by 
eva}»oratiou in vucva) as d<‘scribed above. The final syrup was dissolved in water, 
the humin filter(*d off, washed and submitted to Kjeldahl analysis. It contained 
2*65 of the nitrogen in the initial 4% HCl solution. The filtrate and washings 
(volume' approx. 2W ml.) wc^rc' tn^ated with 1 ml. of concentrated H2SO4 and 
fluai with a suspension of silv(*r oxide until free from chlorine. The precipitate 
was centrifugi'd and washed t wic(» with 200 ml. of boiling water containing 1 ml. 
of (H)n(Huitratf‘d H( 1 and finally with boiling watt^r alone. The combined washings 
were again frt'od from (‘hlorido with silver sulphate (as no silver oxide was 
available), the silver chloride filtered off’ and washed once. Both these pre- 
cipitate's of silver chloride will probably contain a small amount of histidine 
silver which cannot be n*moved very readily in such a small scale experiment; it 
is to be expected therefore that the ultimak' value for histidirie-N obtained later 
will be slightly low. The combined filtrates were concentrated to 50 ml. and warm 
barium hydroxide solution was added carefully to not >4. The precipitate 
of barium suljjhate was eentrifuge<l and washed and the filtrate and washings 
were con t;ent rated to 25 ml. At this stage the Block procedure described above 
was applied. 

The results of the analysis arc given in Table IV, together with that of the 
isolated protein. It will be seen that in spite of the relative large difference 

Table IV. Comparison of the basic amino^acids of the isolated protein and of the 
protein extraeted by 47o hydrochloric acid from spring pasturage. 

Expressed as N in % of pmtein-N 

Arginine Histidine Lysine Total base 
Isolated protein 110 2*22 5 05 18-27 

Protein extracted by 10*2 1-42 5*89 17-51 

4 hydrocliloric acid 

between the yields (88% as against 17*4%) in which the proteins had been 
prepared, the distributions of hoxone bases are similar in both cases, confirming 
the view expressed above that these isolated proteins, although obtained from 
grasses in yields not exceeding 30%, may be taken as representative of the 
whole protein of the leaf. 
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StJMMARY. 

The proteins from a number of typical forage grasses (including red clover) 
have been analysed for the basic amino-acids by individual isolation of the 
latter. One large scale analysis of a cocksfoot protein showed the following 
yields (expressed as N in % of protein-N): arginine, 13*6; histidine, 1*66; 
lysine, 5*27. Small scale analyses of the proteins from other grasses gave: 
arginine, 12*1-13*1 ; histidine, l*9-2*7 ; lysine, 4*4-5*3. A protein extract obtained 
from a sample of mixed pasture grass gave similar values. 

A Van Slyke analysis of a cocksfoot protein indicated: arginine, 13*6; 
histidine, 7*1 ; lysine, 8*1. Reasons for these large figures are suggested and the 
method criticised. 

Grateful acknowledgment is made to Prof. A. C. Ghibnall for much help and 
advice. The cost of this research has been defrayed by a grant from Imperial 
Chemical Industries, Ltd. 
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The X-ray diffraction photographs usually obtained from apparently non- 
fibrous prott‘ins have so much in common udth one another and with the 
pliotographs given by certain natural protein fibres when disoriented that the 
inference aeenis eh^ar that all proteins at some stage of their existence are fibrous 
in the molecular s(;nsc | Astbury , 1933 ; 1934, 1 , 2]. Recently [Astbury and Lomax, 
1934, 1,2; 1935] this concept has been expressed as a generalised interpretation 
of denaturation in the conclusion that the two more stable and insoluble states 
of prottun structure, the fibrous and the denatured, are based on fundamentally 
similar modes of molecular arrangement; that, in fact, the denatured state^ is 
essentially a fibrous state inasmuch as it always consists of peptide chains, often 
fully (»xt(mded, and aggregated after coagulation in parallel bundles, as in 
fibroin fM(‘yer and Mark, 1928], ^-keratin [Astlniry and Street, 1931; Astbury 
and Woods, 1933], ^-myosin [Astbury and Dickinson, 1935], fibrin [Katz and De 
Rooy , 1 933] etc.. It was found that heat-denaturation of the albumins, for instance, 
merely makes the X-ray photograph more like that of a random arrangement of 
fibres of ^-keratin (stretched hair, horn, etc , ; cf, Plate V, Figs. 1 and 3). jS-Keratin 
is built from almost fully-extended polypeptide chains linked side-to-side, firstly 
by combinations between their side-chains f 'side-chain linkage' ), and secondly 
in a direction at right angles [Astbury and Sisson, 1935], through attractions 
between the . --CO and ™ NH groups of neighbouring maiii-chams (“backbone 
linkage”). The three-dimensional structure is that of a pile of polypeptide 
''grids'’, the average distance apart of the main-chains in the plane of each grid 
being about 9-8 A. ("side-chain spacing”) and the distance between the grids 
being 4*65 A. ("backbone spacing ”). These two spacings correspond respectively 
to the two reflections, 001 and 200, seen on the equator of Fig. 4: they are the 
two principal side-spacings of the j3-keratin crystallites, whilst the reflection 
020 (spacing about 3-4 A.) gives the average length of an amino-acid residue in 
the direction of the main-chains. Fig, 4 is a "fibre photograph” of crystallites 
all pointing roughly in the same direction (the fibre-axis) and taken with the 
X-ray beam perpendicular to this direction; but when the crystallites are 

^ Beit Scientific Research Fellow. 

* The seed globulins, at least, appear to pass through an intermediate fibrous state before 
reaching complete denaturation. It is possibly better therefore to reserve the word denatured’* 
for the fined fibrous state analogous to ^-keratin, and to describe intermediate states as de- 
generate’* (see below). . 
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disorientod the result is very like (though not strictly identical with) Fig. 1, 
which is an X-ray view along the fibre-axis of stretched horn. 

The disoriented photograph of jS-keratin thus appears mainly as two more 
prominent rings, the inner corresponding to the side-chain spacing and the outejr 
to the backbone spacing, and a less prominent ring arising mostly from the 
“diagonal reflection” 210 (spacing about 3*7 A.) but partly also from the “meri- 
dian reflection ” 020 (spacing about 3*4 A) ; and this is just the kind of photograph 
that is typical of a coagulated denatured protein | Astbury and Lomax, 1 934, 1,2: 
1935], as is shovn clearly by reference to Fig. 3, the photograph of boiled egg- 
white dried in the air.^ Practically all proteins so far examined b}^ X-rays under 
ordinary conditions give either a photograph of a similar kind or one structurally 
related to it [r/. also Katz, 1934], and it is a reasonable enough inference that most 
proteins as commonly available for X-ray examination are eithtT degenerate or 
completely denatured. 

Svedberg's [1930] derivation with the idtracentrifuge of the molecular weight 
and globular form of many proteins in solution suggests such an inference, but th<‘ 
question has recently been settled crystallographically by the work of Bernal 
and Crowf oot [1934] and Crowfoot [1935] on the structure of unaltered crystalline 
pepsin and insulin. Large crystal spacings have also been observed by Clark and 
Corrigan [1932], Fankuchen [1934] and Wyckoff and Corey [1935], but Bernal 
and Crowfoot have been able to carry the X-ray analysis sufliciently far to show 
geometrically that the molecules in both crystalline pepsin and insulin are indecHl 
very much of the shape (roughly spherical) and w(‘ight (34,500) deduced by 
Svedberg [1931] and his collaborators [Sjogren and Svedberg, 1931 ; Pliilpot and 
Eriksson- Quensel, 1933]. Even single crystals of pepsin however, give the usual 
powder photograph of the type just described, once they have been allowed to 
dry [Astbury and Lomax, 1934, I]. Obviously then, most so-called (irystalline 
proteins are only pseudomorphs after degeneration or denaturation : the mok?- 
cules tend towards “cannibalism'', so to speak, and their complex structure is 
frequently so precariously balanced, because it is so complex and so rich in 
charged centres, that they may have to be protected even from one another. This 
is the reason why protein crystals, for stability, generally require such a high 
water content, or to be kept in some specific mother-liquor. On dehydration or 
raising the temperature, for instance, one can imagine active side-chains reach- 
ing out to their neighbours, upsetting the balance of the whole system and 
leaving finally only the d6bris of the original s|:>ocial configuration. X-rays indi- 
cate that this debris, whether produced by disintegration or by unidirectional 
rearrangement, consists simply of peptide chains. 

So far the argument has been indirect: it has been based on the study of 
protein “powder photographs” in relation to the “fibre photographs” of 
macroscopic fibres such as ^-keratin, which is now known beyond reasonable 
doubt to be constructed 6ut of parallel bundles of fully-extended polypeptide 
chains. Clearly then, if it is sound, it should bo possible to make (probably 
elastic) macroscopic fibres even out of a “globular” protein, once it has been 
denatured. If polypeptide chains are there, but in random orientation, it should 
be possible to draw them into parallel alignment and so to obtain, not merely 
a powder photograph resembling that of disoriented j8-keratin (Fig. 1) — ^which, 
after all, still does not constitute an incontrovertible proof of similarity, in spite 

^ An almoHt identical photograph ia given by serum albumin, denatured and coagulated by 
gently heating an aqueous solution f Astbury and Lomax, 1935]. 

* From the same source as those of Philpot and Eriksson-Quensel and of Bernal and Crowfoot 
[Northrop, 1930]. 
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of the strong support afforded by hydration studies [ Astbury and Lomax, 1 935 J — 
but a genuine fibre photograph analogous to that of oritmted jS-keratin (Fig. 4). 
Such an expe’>riment, if successful, would provide a wholly satisfactory demon* 
stration for the protein under examination — and thcmcc^, by implication, for 
proteins in general — that the denatured state is indeed a fibrous state arising 
out of the liberation or spontaneous generation of p(*ptide chains. 

Dmature/l fibres and films. 

The veg(‘tablc globulins edestin [8vedberg and Stamm, 1929], excelsin and 
amandin (Svedberg and Sjogren, 1930], legumin [Sjogren and Svedberg, 1930 1 
and poimditi (Krejci arid Svedberg, 1934] have been examined with the ultra- 
centrifuge and found to constitute a group of molecular weight about fi x M/y()0 
and molecular shape not far rcuiioved from the spherical. Edestin is thus a 
typical ‘‘globular’’ protein, very definitely crystalline, which should serve 
admirably for the X-ray test of denaturation just proposed. 

In the first experiments e<h‘Stin was denatun^d by dissolving in acpicous urea, 
and fibres were prepared by squirting the viscous solution so formed 
protein and 43*5% urea) into water, or water containing 0*5 NaCJ, at various 
tenip<'ratures up to about 55'\ The fibrf‘s were then stretched in water or in the 
salt solution at ternpTatures up to about 70^. All showc^d striking, largely 
reversible, long-range elasticity, tlie extensibility increasing with the temperature 
of stretching up to something of the order of 700 at 70°. Those squirted and 
stretchf'd at ordinary temperatures could bt^ extended in water to just over twice 
their initial length and quickly recovered almost comphdely when released, 
whilst others stret(;h(*d at higher tem|)eratures extended further but show'ed only 
imf)erf(‘ct ri‘covery. X-ray exannnation of these various types of fibre w'as 
iiardly as profitable as had been hopt*d, but at least it drew’ attention once more to 
the part played by temperature in the alignment process (cf. rubber) and em- 
phasised the point that denaturation does not necessarily proceed by a single 
stagt^ {see below). At least two kinds of incipient fibre photograph were obtained, 
but nothing so definite as those showm in Figs. 4 and 5. The experiments w'^ere not 
for the time being carried further, partly owung to the tedium of preparing parallel 
fibre bundles sufficiently large for X-ray examination and partly on account of 
the simplicity with which it was found that films could bo made. 

Denatured edestin films were made by two methods, similar in principle to 
those used for the preparation of myosin films [Astbury and Dickinson, 1935], 
Jn the first the urea solution mentioned above was poured evenly over a glass 
slide which W’as then gently inserted into water until the protein was de}>osited 
as a thin layer. This was then left in water for almut half an hour, allowed to dry, 
and the process repeated several times in order to build up a deposit of suitable 
thickness, which was finally re-wetted and peeled off. Several superposed 
thicknesses were then compressed between pieces of plate glass, and the resulting 
film was allowed to become ahnost dry and cut into strips. 

Jn the second method an aqueous solution containing 4% protcjin and 10% 
CaClg was poured on to a glass plate, allowed to dry, washed for about 10 min. 
and drained. As before, the process was repeated several times and the accumu- 
lated layer peeled off wet and washed overnight in running water. A number of 
superposed layers were then compressed between plate glass to about one third 
their initial thickness and cut into strips. 

The urea films gave extensions of 200--2o0% at about 40° and contracted 
when released in water to a residual extension of the order of 100%, whilst one 
calcium chloride film gave an extension of 280 % with a similar residual extension 
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on release. On the whole, the calcium chloride films gave better-defined X-ray 
photographs, the urea films, like the corresponding fibres, sometimes showing 
besides traces of a second fibre photograph. Fig. 2 is a “powder photograph “ 
of unstretched denatured edestin prepared from urea solution (c/. Figs. 1 and 3), 
and Fig. 5 is a “fibre photograph’’ of the film from calcium chloride solution 
which was stretched to an extension of 280% (cf. Fig. 4). There can be no doubt 
of the success of the experiment and of the configurational analogy between 
stretched denatured edestin and ^-keratin. The side-chain spacing for denatured 
edestin is about 10 A., the backbone spacing about 4-5 A., the diagonal spacing 
about 3*7 A., and the meridian spacing about 3-3 A. (r/. j8-keratin, above). 

Preliminary experiments of a similar nature were carried out with excelsin 
also, but so far it has not been found possible to obtain a photograph strictly 
comparable with Figs. 4 and 5. Both elastic fibres and filnis were prepared as 
described above, but only imperfect orientation was attained oven in a film (made 
from calcium chloride solution) stretched by 330 The photographs obtained 
however were certainly crude “fibre photographs” of peptide chains, with the 
side-chain reflection and the backbone reflection both converging on the equator 
as in Figs. 4 and 5 ; but there was always present another reflection of spacing 
about 6 A. A photograph of this type had already been found with edestin 
fibres spun from urea solution and stretched by 270 and a similar photograph 
was obtained again later with a stretched film of denatured egg albumin pre- 
pared from urea solution (see below) ; but pending further investigation it will bo 
more convenient at the present stage to suspend judgment as to its more exact 
interpretation. 

The most interesting result was obtained with the X-ray examination of 
“poached” films of egg-white. Svodberg [1930J showed that the egg albumin 
molecule in the ultracentrifuge is practically spherical and of w(ught 34,500, 
and in view of the strong resemblance between Figs. 2 and 3 an enquiry into the 
effect of stretching the denatured protein was obviously indicated. Films of 
were poached for about a quarter of an hour at the bottom of a small 
covered beaker standing in boiling water, allowed to dry and then cut into strips. 
Some of these strips, if not re-wetted too much, were found to stretch to twice 
their initial length or more, and to give wlum stretched X-ray photographs such 
as that shown in Fig. 6. The striking — and, it must ])e confessed, unexyx*ctod — 
feature of this photograph is that the backbone reflection lies, not on the equator, 
but on the meridian. The side-chain reflection lies on the equator, as in Figs. 4 
and 5, but in the original negative there can be seen also a vague outer equatorial 
reflection apparently corresponding to the amino-acid spacing; that is to say, 
020 and 200 have changed places. The interpretation of this interchange between 
backbone and amino-aoid spacing must mean that the peptide chains in de- 
natured egg-white are relatively so short that the average length of the crystallites 
in the direction of the main-chains is shorter than their thickness in the direction 
of the backbone spacing; in other words, whereas the chain-bundles in ^-keratin 
and denatured edestin are much longer than they are thick, those in denatured 
egg-white are actually shorter than they are thick. Fig. 7 illustrates the point, 
A represents, purely diagrammatically, a crystallite formed by the parallel 
alijpment of long peptide chains, whilst B represents a corresponding crystallitt^ 
built from short chains. In both the amino-acid spacing is in the direction of the 
main-chains of course and the latter ,are linked side-to-side by side-chain 
linkages (shown) and backbone linkage (not shown) at right angles. The chain- 
bundles so formed are thinnest in the direction of the side-chains [Astbury and 
Sisson, 1935] and lie normally along the natural fibre-axis or the axis of stretching. 
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If however it should happen that the main-chains are shorter than the width of 
the bundles in the direction of the backbone spacing (the side-chain dimension 
is apparently always short), the act of stretching will tend now to bring the 
backbone spacing parallel with the axis of extension and leave on the equator not 
merely the side-chain rejection, which is usual, but also the reflection corre- 
sponding to the length of the amino-acid residues. This is what hap^jens when 
denatured egg-white is stretched : but the difference between chain-length and 
the thickness of the crystallites in the direction of the backbone spacing cannot 
be very great, otherwise short arcs or spots would be obtained instead of the 
comparatively long arcs shown in Fig. 6. 



Pibre«axM or «x» of focN-noioo 
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Fig. 7. Two ways of orit^nting oryMtalUtca (parallel bundles) of jTeptide rhains by stn'tehing 
denatured protein. long chains (keratin, denatured edestm fk’.); Jif short chains (de- 
natured egg-white). 


Films of denatured egg albumin were also made from tirea solution (5 ^ ^ dried 
prott4n and 44% urea). The solution was spread on glass, allowed to evaporate, 
and the urea crystals washed out, after which several superposed strips were 
pressed betwt^cn pieces of plate glass. Strips of the resulting film were stretched 
in 0-5% aqueous NaCl at 40°, but extensions of the order of 70% only were 
realised before rupture. The X-ray photograph of this urea film appeared to be 
of the type mentioned above as having bcHjii obtained with edestin fibres made 
jhrom urea solution and excelsin films made from calcium chloride solution; that 
is to say, it showed not only the side-chain and backbone reflections, but also 
another reflection of spacing about 6 A. Furthermore, orientation was shown 
by the side-chain reflection only, indicating that the length of the main-chains 
was more nearly equal to the thickness of the crystallites in the direction of the 
backbone spacing than was the case with the films of poached egg-white; in 
fact, one may think of the crystallites in the urea egg albumin films as more of 
the nature of square than oblong tablets. 

It will be convenient to resume the discussion of the structure of the above- 
described denatured fibres and films after a short account of the results obtained 
with single excelsin crystals. One further point however may be noted here, viz. 
that they were all shown to be insoluble in water or 5 % aqueous sodium chloride. 
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Crystalline excelsin. 

The detailed X-ray investigation of crystalline excelsin will bo reported later, 
but the unique results even now available have such an important bearing on the 
theme of the present paper that a brief preliminary account is offered at once, 
though only on the understanding that no finality is claimed at the moment. 

Rapid dialysis of excelsin solutions gave microscopic hexagonal plates, wliilst 
crystallisation from alcohol-water-sodium chloride gave rhombohedra. \>Ty 
slow dialysis at 25^^ of a solution containing 2^^ protein and 10% NaCl gave 
however unusually largo plates, up to some 2 mm. across, of a variety of shapes 
(mostly pentagonal) apparently derived from the hexagonal by inequalities of 
growth and truncation by rhombohedral and different prism faces. Owing to 
the demands of other work at the time these large excelsift. crystals were un- 
avoidabty — but fortunately, as it happens —stored for some weeks in water. 

For the first trial a crystal was lodged on the top of a short glass capillary tube 
the lower end of which dipped into a tiny trough of' water, and the whole arrange- 
ment, which undoubtedly kept most of the crystal wet, was mount(‘d on th(> X-ray 
spectrometer. The crystal was then photograpluid with the basal plane oscillating 

on either side of the direction of the X-ray beam. The result was a composite 
photograph showing not only largo (Tystal spacings like those given by (Tystalline 
pepsin and insulin [Bernal and Crowfoot, 1934: Crowfoot, 1935], but also an 
unmistakable fibre pattern. A similar composite photograj)h, not (piito so sharp, 
was obtained also from a similarly oriented crystal drunl in the air and mount>i^ 
in the ordinary way. Furthermore it was demonstrated that it was unnecessary 
to oscillates the crystal in order to obtain the fibre diagram, as is usual in the. X-ray 
examination of natural fibn^s. With the X-ray beuim pcrpcuidieular to the ba.sal 
plane another set of large crystal spacings was obtained and quite a diffcrcuit fibre 
diagram, very obviously multiple this time and symmetrical about a triad axis 
and three planes of symmetry. Finally intermediate fibre patterns were obtained 
with intermediate positions of the crystal. 

The detailed analysis of these composite excelsin pliotographs will probably 
take some considerable tim<j, but already it is clear that the fibre pattern corre- 
sponds fairly closely to the }X)wder pliot(jgra])hs of tobacco-seed globulin and 
squash-seed globulin (and probably edestin) described recently [Astbury and 
Lomax, 1935J. Jt is definitely not a fibre pattern corresponding to that of fully- 
denatured edestin (Fig. o). At the moment it af)pears that the original crystal 
structure is symmetrical about a triad axis perpendicular to thret^ dyad ax(»s, and 
that it degenerates into six sets of fibrous crystallites lying api)roximateiy 
parallel with the basal plane, witli the side-chain spacing (11*4 A. wet) also 
roughly jiarallol and the backbone spacing (4*55 A.) roughly perpendicular to 
this plane. Even after this metamorphosis followed by drying in the air the 
crystals retain their sharp outlines and remain perfi^ctly transparent and isotropic 
along the triad axis. Drying the crystals in the air was found to reduce their 
water content from 39-2% to 1 1*8^0 of the crystal weight (or from 64*4% to 
13*3^0 of the protein weight). Their solubility in 5% aqueous NaCl at 25^ was 
found to be 14 mg. of protein per 100 ml., though undenatured excelsin forms 
thick opalescent solutions. 

Prelimiriary attempts have been made to obtain corresponding results from 
edestin crystals, but hitherto the latter have yielded little more than the back* 
)one spacing in random orientation. Edestin crystals are cubic however and the 
presence of four triad axes instead of only one might be expected to lead to more 
or less random degeneration. 
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Discussion. 

Three main questions raised by the present communication invite a few 
concluding remarks: (1) that of successive stages of degeneration or denatura- 
tion; (2) that of the apparent striking dili'erence in chain-length between de- 
natured egg-albumin and edestin; (3) that of the structure of the unaltered seed 
globulins and the actual mechanism of their degeneration. 

(1) The present experiments vshow directly that the sec^d globulins pass 
through at least one interme.diate stage before final deriaturation. This inter- 
mediate stage is fibrous but uncommonly well crystalline for a fibrous protein, 
in which respect it resembles feather keratin [Astbury, 1934, 1, 2]. Jt seems to 
correspond to the protmnSy edestan, excelsan etc., d(*scribed by Osborne [1924, 
Chap, vin], who determined the amounts of such products generated during 
contact with water or dilute acids, in this eonne(*tion it should be not ed that the 
excelsin crystals examim^d by X-rays were also found to have almost lost their 
solubility in salt solution (see above); they would perhaps be more correctly 
described therefore, not as excelsin, but as excelsan.^ 

Oth<T X-ray results <]UOted above also sugg(‘Ht the exisbmee of successive 
stages of d('gt*nf‘ration or denaturation : exetdsin itself for instance, presumably 
denaturcid and at any rate (juite insoluble and in the, form of parallel chain- 
bundles, has not y(d bt^en brought to give a fibre pattern of th(^ strict ^-keratin 
type; and both edestin and egg albumin, though it is true that each gave such a 
photograph finally,** have been shoTvm to give a slightly different fibre pattern, 
lik(* t hat of (‘xcelsin, in fact, under certain conditions of denaturation. In view of 
these findings, if it should turn out that the ^-keratin type of pattern is indeed 
a sound geiuTal criU^rion ft>r the last stage of denaturation, then it may be found 
conveni(‘nt ^ o adopt the proposal ])ut forward at the beginning of this paper, that 
the t(^rm “denatured" be resfTVid for this final state and the term ‘‘degenerate'* 
for intermediate states. 

It should perha{)S bi‘ cunphasised that though a coagulated, fullj'-denatured 
prot<‘in is p^obabl^^ always configurationally analogous to jS-keratin in the sense 
that it consists of bun(^le^s of parallel peptide chains, the converse is by no means 
true. A protein may be built out of parallel polypeptide chaiiivS, e.g. myosin 
[Weber, 1933; Astbury and Dickinson, 1935J, yet still retain its solubility and 
other characteristic properties. Such proteins may be said to be “configuration- 
ally disposed" towards denaturation: once the chains are given the chance of 
more intimate lateral contact, by drying for instance, the system denatures wdth 
extreme readiness. The projjerties of myosin ilhustrate this point well, and even 
gelatin bec^omes progressively more insoluble on long standing. 

* One curious point must howcjver bo mentioned, viz. that the six'cimens of tol>acco-seed 
globulin and squash-seed globulin wlioso X-ray jwwder photographs most closely correspond to the 
fibre diagram given l)y the degenerate exeelHiii erj'stals are still largely soluble in salt solution, 
wherea.s the edestin specimen (only a minute amount was available for test) is apparently not. But 
it would be profitb*SH at this stage to discuss the 8igniti<’anc*e of such an isolated observation: it is 
obviously ueceasary to study a much wider range of specimens before attempting any definite 
conclusions as to the interrelations between degeneration, solubility and X-ray diffraction pattern; 
and in any ease it is clear enough fnim other results rej)ort.ed above and elsewhere that there are 
important variations among the seed globulins, whether degenerate or not. 

* In spit© of its unfamiliar lay-out the egg albumin photograph (Fig. 0) may be described for 
presiuit purposes as of the j8-keratin type, though exact correspondence cannot l>e considered to 
have been proved till better resolution has been attained through more perfect orientation of the 
crystalliteB. 
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(2) It was found that solutions of edestin in 20% aqueous calcium chloride 
gave only brittle, non-elastic fibres when squirted into water. The globulin under 
these conditions is not denatured, and as might be expected, is now incapable 
of producing true fibres in the molecular sense. Solutions in urea however, as 
already described, do give genuine fibres which are beautifully elastic when wet, 
for this solvent denatures the globulin. These urea solutions can be very viscous, 
and the development of such a property obviously corresponds to the increase in 
viscosity reported by Loughlin and Lewis f 1932 ], for example, when egg albumin 
is denatured, the explanation of which is now clear. In the light of the jiresent 
X-ray observations the denaturation of a "‘globular ” protein such as egg albumin 
or edestin must almost certainly be accompanied by an increase in viscosity and, 
moreover, may open up the possibility of spinning true (probably elastic) fibres. 
As we have seen, this twofold prediction is fully confirmed in the case of the seed 
globulins, but it is only half justified in the case of egg albumin. Solutions of 
egg albumin in urea are comparatively thin and give w^hen squirted into water 
only the poorest fibres which break almost at a touch. Films ar(i more coherent 
and elastic but still do not show anything like the extensibility and elastic range 
of denatured edestin films. 

This behaviour is just whaf. one might infer from the X-ray phok>graph8. 
Viscosity, extensibility and diffraction pattern all agree therefore in suggesting 
that the peptide chains in denatured egg albumin are relatively short, and clearly 
there is here a most promising line of attack on the structure of the unaltered 
globular proteins. It would hardly be justifiable at the moment to discuss 
exactly how, but it seems more than likely that the greater solubility of the 
albumins as compared with the globulins will ultimaUdy be traced to the difforenoe 
in chain -length revealed by X-ray examination of the denatured 8tat<\ 

(3) A reasonable inference from the expmmenta described above is that the 
unaltered structure of the seed globulins must be fairly closely related to the 
fibrous configuration of the protcans, otherwise om^ would hardly (‘xp«'ct the 
degeneration of excelsin to cause so little disturbance of the exU^rnal form and 
internal symmetry of the original crystal structure. Perhaps a factor contribut- 
ing to this minimum of disturbance is the sixfold nature of tht^ seed globulin 
molecules; for according to Svodberg and Ids collaborators they are made up of 
stable groups of six protein units of weight 34,500, which might conceivably l)e 
already joined by primary valencies. But whether this he so or not, a simple 
rearrangement of valency bonds consistent with existing experimental data to 
produce straight from folded chains may be illustrated diagrainmatically thus: 


Etc, 


Etc. 


.. -NH— CHR-4:0 NH— CHR— CO— NH- — CO— NH-OHR— CO 

CO— CHR. 


C 

-CO 


CO 

NH-CHR— CO 


jm /^O— CHR— NH— CO- — kH— CO— CHR— NTF^ CO— CHR— NH 

-NH— CHR— C^ NH— CHR— CO— NH— -CO— NH-CHR-CO *^H-CHR— CO tSu, 

-CO-OHR— NH / CO— CHR— NH— CO— — NH— CO— CHR— Nl^ CO— CHR— NH 

-NH-CHR— NH-CHR-CO— NH- -CO— NH— CHR-<fe^/ iIh— CHR— CO 

-CO— CHR— NH / cO 


Bernal and Crowfoot [1934] recently suggested a ring-chain polymerisation 
analogous to the formation of polyoxymethylene from trioxymethylen© in order 
to explain the production of peptide chains when the globular protein pepsin 
degenerates [Astbury and Lomax, 1934, 1, 2], and Bernal [1934] has expressed the 
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opinion that long peptide chains do not pre-exist in the albumins and globulins 
at all ; but experimental evidences at the moment is inconclusive, and some such 
transformation of a '' gridiron” structure as that given above might very well 
harmonise the chain aspect of proteins with the polymerisation mechanism 
proposed by Bernal.* The exceJsin results reported lu^re do certainly appear to 
support the polymerisation idea in a most striking fashion, yet it seems improb- 
able that all degeneration of globular proteins so devf^lops, and the dilference in 
chain-length between denaturerl egg-albumin and thmatured edt^siin may be due, 
in part at least, to the non- occurrence of polymerisation when the former is 
produced. 

However that may ho, it may now^ fairly be claimed that the link has been 
found betwx-en the long-chain proteins tyjucal of natural til>res and the globular 
prot<*ins invevstigated by Svedberg. (llolmlar edestin has been transformed into 
elastic thre^ads of what may now appropriately be called /3-edestin, globular 
excc^lsin lias been ])hotograpiuMl in the a<‘tual })rocess of ])oi^'lneric degeneration 
into an intermediatei fibrous form, and egg albumin itself, almost the prototype 
of globular proteins, has alsrj been shown to be changed by donaturation into 
j)eptide ebain-bundlevS similar to, but shorter than, those found in denatured 
edestin. Thc^ signilicance of tJu^se results in the study of fibre- building in the 
living organism may ho vory great indeed. Alcove all they strengthen the hypo- 
thesi.s that such fibre- building is no other than a kind of controlled and directed 
manifestation of the familiar "laboratory*’ degeneration of proteins, and that 
the X-ray photograph of heather keratin, for instance, contains not only the 
pattern of extended polyjM'ptide chains, but also the dimensional impression left 
1)V the smaller units from whi(*h tbev were originallv constructtKl [Astbury, 

lim, 1,2). 

X(‘f‘dless to say, it is intended to examine shortly excelsin cryvstals which 
hav(‘ not Ix'en allow’od to stand long in wati^r, bnt continued ijrogress in the 
elucidation of the inner structure of the globular proteins must depend much on 
being able to catch intt^rmediaU* forms such as the prot€*ans. It cannot be over- 
emphasised that the keratiri-lik(^ /3-form appears to bo in general only the last 
product of successive stages of degeneration. 

Summary. 

1. The X-ray interpretation of protein denaturation suggests that it always 
involves tin* liberation or generation of peptide chains which aggregate on 
coagulation into parallel bundles like those found in the structure of jS-keratin 
and similar fibres. 

2. For the globular protein edestin this has been confirmed directly by the 
preparation of denatured elastic threads and films which give, on extension, an 
X-ray photograph analogous to that given by stretched animal hairs etc, 

3. Denatured egg-wliite, when stretched, gives also an X-ray photograph 
of a similar typ< 3 , though of an orientation which can be explained only if the 
peptide chains are much shorter than those found in jS-keratin and denatured 
edestin. 

4. Crystalline excelsin has been photographed in process of symmetrical 
degeneration in sitn into an intermediate fibrous form provisionally identified 
with excelsan. 

5 . The results support the polymeric theory of the formation of fibrous 
proteins and provide a link between the stnicture of the natural fibres and that 
of the globular proteins. 
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DESCRIPTION OF FIGURES IN PLATE V. 


■Rg. 1. X-ray photograph of stretohed horn (55% extenaion) looking along the fibre-axis 
(eftectively disoriented /3-keratin). 

Fig. 2. X-ray photograph of edestin precipitated from urea solution (disoriented denatured (or BA 
edestin). 


Fig. 3. X-ray photograph of poached*’ egg-whiti» (disoriented denatured (or /3-) egg albumin). 

Fig. 4. X-ray photograph of stretched horn taken perpendicular to the fibre-axis (oriented 
/S'keratin; fibre-axis vertical). 


photoglyph of edestin film (prepared by evaporation of CaCL solution) stretdbod by 
(oriented denatured (or /3-) edestin: axis of ex^nsion vertical). 

Pig. (i. X-ray photograph of “poaohpd” egg-whito stretched by lOO'^i (partially oriented dc- 
natured ((.r jS-jcgg-albiumin: axis of extension vertical). 
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Nekdham [1935] made the statement that ‘‘in the insects exciretion of uric acid 
as the main (Jiid produc-t of nitrogen catabolism is widespread, if not universal 
PrzyHjcki's paper [1926] on the nitrogen metabolism of invci’tebrates indicates 
that tiiis statement is perhaps more comprehensive than the facts would warrant. 
For this, and other reasons, the jiroblem in question was reinvestigated, not only 
for a number of insects but also for members of other phyla. 

The present research, whilst concerned chiefly with pm'ine catabolism, also 
includes data for other nitrogenous eatabolites. In most cases, the presences or 
abseiu^t* of uricase, xanthine oxidase and urease was established and in addition 
the uric acid content of the animals was determined wherever possible. 


(General experimental methods. 

The animal material was ground up in a mortar with 10 times its weight of 
water (in the eases of xMollusca and earthworms (rlean sand was added). The 
suspension was strained through gauze to retain the larger fragments (chiefly 
the (‘hitin int(‘gumimt in the ease of insects and smooth muscle in that of other 
animals) and the filtrate was centrifuged (2000 r.p.m.; 5 min.). Portions of the 
centrifugates were examined for xanthme oxidase by adding an equal volume of 
()•! % susptmsion of xanthine in water and heating one portion at 1(X)° for 5 min. 
Toluene was then added, and the mixtures were placed in a thermovstat at 37“; 
portions of the solutions were examined after 24 and 48 hours for uric acid. 

Urease was detected by adding 4 ml. of 0*5 % urea to 4 ml. of centrifugate 
and determining NHg by aeration after 2 hours at room temperature. The 
controls consisted of similar systems in which the centrifugates had been heated 
at lOO"^ before addition of urea, or in which water was taken in place of the 
centrifugates. 

ITricase was detected in the residues obtained by centrifuging the suspensions 
or in suspensions of whole animals by suspending the precipitates in 10 ml. of 
O' I % uric acid solution (prepared by dissolving 1 g. of uric acid in 500 ml. of 
boiliug saturated aqueous Li^COg, cooling and diluting to 1000 ml.), heating 
part of the suspension at 100® for 5 min., cooling and determining the uric acid 
content of the heated and unheated systems after 24 and 48 hours at 37®. 

Uric acid, when present in the aqueous extracts of the animals, was deter- 
mined colorimetricaUy, by the original method of Folin and Denis, using a 
refluent not containing molybdic acid.^ The reagent did not give any coloration 
with phenols, but gave positive reactions with sulphides and substances con- 
taining the SH group* The interfering effect of sulphides and thiol compounds is 
however only apparent and may lead to misleading results only when the fresh 

^ Merok'a fiodittm tungstate is suitable, without purification, for preparation of the reagent. 

( 2361 ) 160-2 
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extracts are studied ; thus, a solution of NagS which gave a coloration correspond- 
ing with 1*2 mg. of uric acid per ml. immediately after preparation gave no colora- 
tion whatsoever after incubation at 37^ for 18 hours. Analogous results were 
obtained with alloxan and with thiolacctic^ acid. In practice therefore the 
coloration given by the extracts aft<T 24 hours at 37° may be assumed to be due 
chiefly, if not exclusively, to uric acid. 

The presence of uric acid was also established in certain cases by positive 
murexide reactions given by the dry residues of deprotein ised extracts. 

Determinations of uric acid in the extracts were also performed as follows: 
the solutions were made feebly acid with acetic acid and boiled, the filtrates were 
made alkaline with NagC'Og (roughly to 9), and 0*2 g. of dry ox-kidney uricaso 
(prepared by a method of Truszkowski and (hibermandwna [unpublished]) was 
added to a portion of the solution. The solutions, with and without uricase, were 
incubated at 37° for 24 hours, and uri(‘ acid was dettTmined ; in most cases the 
systems containing uricase gave' no coloration, but where a positive reaction 
pei sisted the uric acid content was taken as being pi oportional to the differenc(‘s 
in intensity of coloration of the two systc^ms. 

In view of the specificity of the action of uricas(‘, it must be (‘onsidered that 
the method described is one of th(‘ most trustworthy, both for the dctectioji and 
for the determination of uric acid and has the fuilher merits of simplicity and 
economy of time. 

Kesolts. 

I, Crayfish (Potamobius astacus). Only the liver was examined; the results 
(Table I) arc in accordance with the findings of Truszkowski and Goldmandwna 
[1933] that uricase is present. Other enzymes were not investigat(‘d in this case. 


Table 1. 


mj?. of NHj 


m^. urie acid {x*r ml. Trie Jn 

^ arid 4 ml. of 

Oxidised after content extrac't 

f in mg. In 4 ml. >f-4nd. In 4 ml. 



In 

24 

48 

f)er g. of 

of ex- 

of 0*5% 

of0-5«, 

l*ro- 

Animal 

control 

hours 

hours 

animal B 

tract 

urea 

urea 

ci uc'cd 

Crayfish (liver) 

0-35 

015 

0*25 

__ 




— 

Black- teetle 

0-35 

0 

0 

24 

0-9 

1-2 

0*2 

0-1 

(Blatta orientalia) 

Cockroach 

0-32 

0 

0 

15 

0-4 

0-8 

0-2 

0-2 

(Blattella gernianica) 

May-beetle 

0*41 

0 

0 

(>•85 

— 






{Melolontha) 

Aphis 

0-32 

0 

0 

0 


— 

— 

— 

House-fly 

0-28 

0-08 

0-23 

0 

1-3 

2-9 

10 

06 

{M. dom-estim) 

Blow-fly 
{M. carnaria) 

jO-2 

to-28 

012 

Oil 

0-2 

0-28 

0 

— 

— 

— 

— 

Honey -liee 

0-31 

0 

0 

0 






{A pis mellifica) 

Earthworm 

0‘4 

0 

0 

0 


. 




{Lumbricua) 

Anodtmta 

foot ) 

0-41 

0-18 

0-21 

0 

(>•03 

1-50 

0-82 

Oil 

mantle j 

0*41 

0 

0 


— 

— 



Helix pmnutia 

0*39 

0 

0 


0-85 

3-52 

1*2 

147 

Limnaea stagnalis 

0*22 

0 

0 

— 

— 

— 
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2. Black-beetle (Blatta orientalis). tlrioasc and urease were not present. In 
this, as in all the remaining cases, xanthine oxidase was not found. The aqueous 
extract contained uric acid, the contoit of which was roughly determined as 
follows: 8 individuals, weigliing 2 g., were ground up with 25 ml. of water, and 
the uric acid content of the filtratt^ was determined in this manner: 5 ml. of 
filtrate gave a (*oloration corresponding with 0*19 mg. of uric acid per mi. after 
24 hours at 37"^, whilst after incubation for the same length of time with uricase 
no coloration w'as givcm, whence the content of uric acid per g. of insect was 
calculated to be 2*4 mg. The actual value is probably considerably higher, as it is 
doubtful wludhcr all th(^ uric acid was extracted under the above conditions. 

An extract (in 10 ml. of boiling saturated aqueous Li 2 C 03 ) of 5 mg. of faeces 
collected from five beetles fed for 4 weeks on potatoes and beetroots gave only 
a very faint reaction for uric acid ( <0*015 mg. per ml.) ; assuming the faecc'S to 
have the same uric acid content as the entire insects, 0*012 mg. might be 
exp(^ct(?d. A larger quantity of faeces, accumulated over a period of several 
months, gave a uric acid contemt of 2*1 mg. per g. 

3. Cockroach (Blatt>clla germaiiica). Uricase and xanthine oxidase were not 
found. The uric acid content of these insects is higher than that of black-beetles. 
Ten insects, weighing 0*6 g., were ground up with 15 ml. of water; the uric acid 
cont-imt of the deprottinisc'd filtrait^ was 0*6 mg. /ml. corresponding with 15 mg. 
of uric acid per g. of live wt. Owing to the difficulty of accumulating the faeces of 
this insect in sufficient (quantity, the presence of uric acid in the exen^ta was 
established f)nly qualitativtiy. 

4. May-heeilc (Melolontha). The specimens w^ere collected in Polesie (East 
Poland) in »lnnc, and were sent by post to Warsaw, w^here they arrived in a 
moribund condition. They were examined only for uricase and uric acid; uricase 
was absent, and the acpieous extract- contained an amount of uric acid corre- 
sponding with 6*85 mg. per g. of insect. 

5. AphidtJS, The specimens were taken from nasturtium })lants growing in 
window-boxes in W^arsaw, Uricase, xanthineoxidase and uric acid were not found. 

6. House-fly (M. domestica). Various species of Musca wore taken, without 
any attempts at closer identification. The iiricol^dic activity of the residue after 
centrifuging the extract was quite considerable and traces of urease were present. 
Uric acid was not found in the (‘xtracts, indicating either that it is not a meta- 
bolite of thfvst* insects, or that, if formed, it is completely dec^omposed by uricase. 
Owing to the difticulty in obtaining centrifugates completely free from uricase, 
it was not attemptt*d to d(dect xanthine oxidase in this and in the succeeding 
cases. 

7. Blmt^fly (M. carnaria). As in the preceding case, closer identification was 
not attempted. The uricol>i:ic activity of these insects is oven greater than is 
that of house-flies ; it is probable that the activity of the preparation of uricase 
from this source surpasses that of any other studied up to the present. Uric 
acid was abstmt as in the case of house-flies. 

8. Honey-bee (Apis luellifica). Worker-bees in good condition were taken. 
Uricase was not found, but the extracts gave only a very faint reaction for uric 
acid. 

9. Earthworm (Lumbricus). Specimens from garden soil were examined by 
grinding with sand and water. Uricase, xanthine oxidase and uric acid were not 
found. 

10. Anodonta, These were collected from semi-stagnant water n^^ar Warsaw. 
Uricase was present in the foot, but not in the mantle (the same results were 
obtained by Truszkowski and Goldmandwna [1933]), xanthine oxidase was 
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not found and ureases is probably absent. Uric acid was not present in the 
extracts. 

11. Helix pomatia. Uricase and xanthine oxidase were not found, urease 
and uric acid were present. These results are in agreement with those of Przyi^cki 
[1922; 1926] and of Baldwin and Needham [1934]. 

12. Limnaea stagnalis. The specimens were taken from pools in the vicinity 
of Warsaw. Uricase and xanthine oxidase wore not found. 

Discussion. 

The findings for the somewhat heterogeneous group of invertebrates studied 
do not support the view that uric acid is invariably an end-product of the 
nitrogenous metabolism of insects; the notable exceptions were the house-fly 
and the blow-fl 3 % which possess high degrees of uricoh’tie activity and which 
probably surpass any other known source of uricase in this rc^spect. The same 
insects possess appreciable quantities of urease, which is absent from the other 
animals studied. The t>q)e of metabolism corresponding with these findings is one 
which would enable the flies to derive energy from the waste products of other 
animals, and this is in accordance with the mode of life of these insects and with 
their capacity of dealing with the most varied nutritive substances. 

Amongst the Insecta uric acid was found in appreciable amount in the 
black-beetle, cockroach and May-beetle, the highest value (15 mg. per g.) being 
found for the cockroach. In view of the absence of xanthine oxidase and of 
uricase, the uricotelic type of metabolism is the most probable for these insects. 

Certain of the animals examined possessed neither uricase nor uric acid 
{Aphides i earthworm, Limnaeu stagnalis ) ; it must be supposed that the nitrogen- 
ous metabolism of these animals is one in which uric acid is not an intermediate 
or final product. The position of the honey-bee is somewhat uncertain, since 
uricase is absent but only traces of uric acid are present ; this animal requires 
closer investigation. 

The type of nitrogenous metabolism corresponding with the enzymic equip- 
ment of Anodonta would be one in which uric acid is not a normal metabolite, 
although uricase is present. Truszkowski [1928] expressed the view, based on 
determinations of purine nitrogen before and after autolysis of the tissues 
of this animal, that the end-product of their purine metabolism is xanthine; the 
present findings support this opinion. 

Finally, none of the animals examined gave evidence of the presence of 
xanthine oxidase, from which it might be concluded that uric acid in the in- 
vertebrates has a different origin from that of mammals. 

SUMMABY. 

1. Xanthine oxidase was not found in any of the phyla examined. 

2. House- and blow-flies were found to be strongly, and crayfish and fresh- 
water mussels feebly, uricolytic; uricase was absent from the black-beetle, 
cockroach, May-beetle, honey-bee, Aphis, earthworm and Roman and pond 
snails. 

3. A simple and trustworthy colcaimetrio procedure for the detection and 
determination of uric acid in presence of substances also reducing Folin^s reagent 
has been described. 

4. Uric acid was found in the extracts of the black-beetle, cockroach, May- 
beetle, honey-bee and Roman snail and in the excreta of the first two animals. 

5. Urease was present in the house-fly and the Roman snail. 
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6. A xiricotelic nitrogenous metabolism is probable, on the basis of the above 
findings, for the black-beetle, cockroach and May-beetle and for the Roman 
snail. 

7. Przyl^cki’s rule [1925] that uricotelic organisms do not possess uiicase is 
confirmed. 

The authors have pleasure in acknowledging their gratitude to Prof. St J. 
Przytfcki for his help and advice during the execution of the above research. 
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In a recent communication [Zilva, 1935] evidence was produc(Kl showing that 
when compounds of the ascorbic acid series, l.e. Z-ascorbic acid, d-arabo-ascorbic 
acid, d-galacto-ascorbic acid, d-gluco-ascorbic acid, Z-gluco-ascorbic acid, were 
injected into guinea-pigs previously depleted of vitamin C, only th(' anti- 
scorbutically active members were “ fixed by their tissues. In addition tluTC was 
an indication that a quantitative relationship existed between the degree of 
activity and the amount “fixed'*, since the tissues of the animals injected with 
Z-ascorbic acid showed a higher contemt than those of guinea-jiigs treated with 
d-arabo-ascorbic acid (activity l/29th of that of Z-ascorbic acid). Furthermore, 
the amounts of the above compounds excreted by the kidney varied inversely 
with their antiscorbutic activity. 

The present results not only confirm the above observation but reveal a new 
factor underlaying the main phenomenon. In the first investigation the com- 
pounds were injected either by the intracardiac or intraperitoneal route without 
an anaesthetic or intravenously under a local anaesthetic (novocaine). No 
significant differences were observed in the urinary (jxcretions of the respoctivt* 
compounds injected in either of these ways. The following results show, on the 
other hand, that when ether is employed as a general anaesthetic during the 
intravenous injection the amount excreted in the urine is increased. 

In Table I the figures obtained by the use of the general ana(\sthetic are com- 
pared with those obtained in the experiments of the first communication wdu*n 
no anaesthetic or a local one was used. The aswsessrnent of the purity of the (com- 
pounds and their concentration in the urine was made by titration with indo- 
phenol in each case. The difference in the urinary output was most marked with 
the “fully active’* Z-ascorbic acid and rather less marked with the “partially 
active” rf-arabo-ascorbic acid — the output of the former being doubled when 
the intravenous injection was performed under the general anaesthetic. The 
effect of this anaesthesia was less evident when the “inactive” d-gluco-ascorbic 
acid or (Z-galacto-ascorbic acid was injected. The influenc(^ of the general 
anaesthesia thus becomes less with the diminished antiscorbutic activity of the 
compounds used. 

It is of interest to note, nevertheless, that the use of the general anaesthetic 
did not prevent the “fixation” of the vitamin in the tissues. This is seen from 
Table II which shows that the quantitative distribution of Z-ascorbic acid in 
the body after its injection into vitamin C-deplet<*d guinea-pigs under these 

1 Member of the Scientific Staff, Medical R(^8earch Council. 
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Compound 

injeciied 

^Ascorbic 

add 


Local, or no anaesthetic 


Tabic 1. 


General anaesthetic (other) 


Excreted Excreted 

in urine m urine 


Wt. of 

Scorbutic 

Quantity 

during 

Wt. of 

Scorbutic 

Quantity 

during 

animal 

diet 

injected 

24 hours 

animal 

diet 

injected 

24 houTi 


days 

mg. 

mg. 

f?* 

days 

mg. 

mg. 




LAscorbic ai'id 




272 

7 

50 

13 

330 

7 

50 

18 

3(K) 

5 

50 

13 

320 

7 

50 

25 

300 

0 

50 

12 

335 

7 

50 

23 

205 

Ci 

50 

13 

290 

0 

50 

26 

280 

7 

50 

13 

250 

0 

50 

20 

292 

20 

50 

14 

310 

(i 

50 

21 

205 

20 

50 

11 

3(K) 

0 

50 

26 

205 

8 

50 

10 

315 

0 

50 

22 





300 

0 

50 

25 





:u5 

0 

50 

25 





310 

0 

50 

24 

Average 



12 




24 




d-Arabo-aseorbie acid 




275 

Ij 

45 

14 

330 

10 

50 

22 

285 

7 

45 

k; 

320 

10 

50 

26 

335 

(» 

55 

17 

2<K) 

0 

50 

22 

300 

(i 

55 

iO 

305 

0 

50 

» 32 

310 

0 

45 

10 





350 

(i 

45 

10 





275 

(} 

50 

15 





305 

7 

50 

10 





Average 



16 




26 




d-Oiuco-ascorbic acid 




300 

0 

55 

20 

320 

8 

50 

33 

305 

0 

55 

20 

305 

7 

50 

30 

200 

0 

55 

30 

305 

7 

50 

37 

310 

7 

55 

34 

300 

8 

50 

29 

270 

0 

50 

30 

345 

8 

50 

31 

300 

7 

50 

20 

3(K> 

8 

50 

38 

275 

7 

50 

20 





Average 



29 




33 




d-Galacto-ascorbic acid 




325 

0 

50 

25 

340 


50 

28 

315 

0 

rio 

28 

332 

9 

50 

35 

300 

6 

60 

23 

300 

0 

50 

24 

290 

7 

50 

26 

285 

8 

50 

35 

280 

7 

50 

2i 

325 

8 

50 

33 





270 

8 

50 

37 

Average 







32 


Table IL 


Quan- 
tity Wt. Scot- Small intestine Large intestine 

in- of butic 


Quantity found 


Liver Adrenal ** Carcass’' 


Excret- 
ed in 

Pituitary urine 


jected animal diet 


Total 


Total 


Total 



Total 


34 hours 

mg. 

8 > 

days mg,/g. 

mg. 

mg./g. 

rag. 

rag./g. 

mg. 

rag./g. 

rag7g. 

mg. 


rag. 

60 

290 

6 

0-20 

2-2 

017 

1-7 

0-28 

2*8 

1-5 

0‘06 

8-3 

+ + + 4- 

26 

60 

300 

6 

0-21 

2‘3 

0-16 

1-7 

0-25 

2*5 

l‘() 

0*06 

10-4 

+ + + + 

26 

60 

316 

0 

0-26 

in 

O-IS 

h 6 

0-27 

3'5 

1-4 

003 

5*1 

+ + + + 

22 

50 

310 

6 

0 d 8 

U 

0-10 

1-2 

0-22 

2-4 

0-3 

0-04 

6*4 

+ + + 

24 
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conditions was even of a somewhat higher order than that observed when no 
anaesthetic or a local one was employed [c/. Zilva, 1935]. The higher excretion 
by the kidney under ether anaesthesia cannot, therefore, be duo to deficient 
‘'fixation'’ in the body. 

As previously mentioned the quantities of th<» various compounds voided in 
the urine were calculated from their indophenol titration figures. Z- Ascorbic acid 
is excreted in the urine unchanged by human beings under normal conditions 
[Johnson and Zilva, 1934] and this is most probabl\^ also the case in animals 'with 
Z-ascorbic acid and its related compounds when no general anaesthetic is em- 
ployed during the injection. The possibilitv of an abnormal metabolism of these 
substances when ether is employed as an anaesthetic must, however, be home 
in mind, although this appears at the moment to be improbable. An investiga- 
tion which is now under way will, it is ho[ied, elucidate the significance of the 
influence of the general anaesthesia described above. The object of this note* is to 
supplement the previous communication on the subjt^et. 


REFERENCES. 

Johnson and Zilva (1934). Biorhfm. J. 28 , 1393. 
Zilv^a (1936). Biochem. «/. 29 , 1H12. 



CCLXXXIL THE PROPERTIES OF BLUE 
FLUORESCENT SUBSTANCES FORMED 
BY OXIDATION OF VITAMIN B^ 
(QUINOCHROMES). 

Bv HENRY WULFF KTNNERSLEY, JOHN RICHARD O’BRIEN 
A^D RUJJOLPH ALBERT PETERS. 

Frmn the Department of BiorJiemistry, Oxford, 

(BeceivexJ A ugnst 31st, 1933.) 

It has statod previously [PcUtb, 1935] that a blue fluorescent substance 
arises by oxidation of the non -fluorescent vitamin Bj. We have found that 
oxidation does not immediately destroy all propeirties of the vitamin, and we 
have acoopdingly explored in detail the changes in the formaldehyde azo-colour 
reaction I Kinnersley and Peters, 1934], in the state of the S and in the biological 
activity. New points have come to light. Windaus et al. [1932] had stated that 
permanganate oxidises the S in vitamin Bj to — SO 4 . Our work shows that 
oxidation in the (‘old does not necessarily destroy the biological activity or 
remove 8 from the molecule; we have further evidence that other forms of 
vitaTiiin Bji exist, one of which may be blue fluorescent. This latter is yellow^ in 
acid solution unlike vitamin ; the fiuoreseenee disappears upon strong reduc- 
tion and reappears upon rimxidation. We bfilieve that these points are of 
immediate interest in ndation to the problem of the grouping which is biologically 
active in this vitamin and of wider interest because they may shod some light 
upon the jiuzzle as to the function of the blue fluorescent substances in living 
tissues. 

HistorK'al. 

During early attempts to concentrate vitamin in yeast extracts, w'e 
noticed their marked blue fluorescence. Bence-Jones [1866] had found blue 
Huoreseent substances in animal tissues, which he called " quinoidine ” owing to a 
blue fluorescence similar to that of quinine. In 1925, Kinnersley ct al, [1925] 
confirmed the presence of quinoidine and its resistance to permanganate. They 
considc^red that several different blue fluorescent biochemical substances existed 
but could not find a pure biochemical substance showing this property among a 
large numlxjr tested. They produced evidence however suggesting that the blue 
fluorescent substance in urine was urochrome.** Vitamin B^ proved not to be a 
‘'quinoidine” [Kinnersley and Peters, 1928]. Rosenheim [1927] observed a blue 
fluorescence in ergosterol (from yeast) which he thought to be due to oxidation 
products. More recently interest in these substances has been revived by the 
discjovery of the flavins [Warburg and Christian, 1933; Kuhn et al,, 1933], 
though at first there was no clear appreciation of the difference from these latter 
compounds. Euler and Adler [1934] have reinvestigated the distribution of 
blue fluorescent substances particularly in the eye. Some of the degradation 
products of the flavins and substances allied to them fluoresce blue under some 
conditions [Karrer et al,, 1934 (lumichrome, formula 1 ); Kuhn and Bar, 1934; 
Stem and Holiday, 1934]. As a general term for such blue fluorescent substances 
mentioned above, we suggest the word “ quinochrome ” ; this brings the term 
into line with lyochrome. For a chronological account see Table I. From 

( 2369 ) 



2870 H. W. KINNERSLEY, J. R O'BRIEN AND R A. PETERS 


1855 

1858 

1859 
1803 
1800 


1922 

1925 

1927 

1934: 

1934 

1934 

1934 

1935 
1935 
1935 


Table I. Observations on the quinochromes. 


Blue fluorescent substances of biochemical origin. 


Author 


Source of material ate. 


Helmholtz* 

Kegnault* 

Setchenow* 

Schliess and Lowonfeld* 
Bence-Jones 

Langecker* 

Kinnersley, liters and Stiuires 
Rosenheim 

Euler and Adler 
Karrer ct al. 

Stern and Hobday 
Kuhn and Bar 
Peters 
Barger at al, 

Kuhn ft al. 


Human retina (solid) 

Lons of eye, sheep, dog, cat, rabbit 
Lens of eye (like quinine) 

In sunlight (urine) 

Extracts from animal tissues called ‘ animal quin- 
oidine’' 

5Iost urines 

Animal qiiinoidine present in excreta, lens of c\ c eir. 
Blue fluorescence of ergosterol from yeast due to 
oxidation products 
Extracts of the retina of fish eyes 
Degradation products of flavins, lumichronic and 
di methylalloxazincs 
Synthetic alloxazines 
Synthetic dimethylallox azines 
(ixidation product of vitamin Bj 
Thermal decom^Kisition products of vitamin Bj 
Thiochrorae from yt‘ast, empirical formula similar to 
that of vitamin Bj 


♦ For references He(‘ pa]ier by Kinnersley et al. [19251. 


previous work upon the flavins, it might be thought that these were the major 
source of quinochromes in yeast. Since it has now been found that vitamin can 
give rise to blue fluorescent substances, quino(;hromes obviously can arise also 
from this vitamin. Recently Kuhn et al. 11985] have reported the isolation from 
the blue fluorescent substances in yeast of a sulphur-containing base of similar 
empirical composition to dehydrogonak'd vitamin Bj . They^ call this thiochrome^ 
and believe it to be a degradation product of vitamin Tlie inftTcnce that our 

oxidation products and thioclirome are intimately related is obvious; they are 
alike in several respect.^J, but differ somewhat in solubility. 

Synthetic work in collaboration with ourselvt^s has been undertaken by 
Prof. Robinson (sec^ Robinson and Tomlinson [1935] for the synthesis of the 
thiopyrimidazines 111). 


(;h,~(/ c c CO 

Cfl,— ^ C ifH 


f. Lumichrome 


I’Hs (' 

(!:h,oh 


i (’aH. 

-CHj I 

N e 

=C 0 N 


':h. i 


(•’H 




NH. 


IHCl] 


II. Williamn’s formula for vitamin Bj, 
written to hIiow relation to 1 and III 


/NH. 


\. 


H,C C 

H.i 1: (i 

\ CO 

III, T etrabydroth iopy r im idazine 


CS 

iIh 


> After completion of this paper, Barger el al. [ 1935] described the preparation of thio<(hrome 
from vitamin by ferricyanide* 
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The properties of vitamin Bj , 

In Table II the projKjrtiea of the vitamin are .summarised particularly with 
the idea of showing the changes dependent upon variable pjij . The zones of 
are only apj)roximate and inif^ndt^d to bring out the broad diflerenees. It is 
clear that the outstanding changes in its properties o(*cur about pj^ 7-0, which is 
striking in view of its biocliemical activity; the properties to study from the 
standpoint of activity must be clearly those which change at this pjj , It will l )0 
noted that the efTect of alkali upon the vitamin colour reaction [see Kinnersley 
and Peters, 1934] is irrevtTsible, but upon the colour speclrurn and titration 
curve it is reversible. But the .sp(*ctrum from pyj 1 to 4 shows another complica- 
tion. When dissolved in acid alcohol, the vitamin shows a band at 247 mp with 
a higher extinction coedicient than that of a specimen of vitamin which is 
acidified after b(*ing dissolved in H9% alcohol. This procedure would not in- 
activate the vitamin [ Holida\% 1935]. Jn the case of the titration curve, 
differences ocenr with the hydrogen electrode a.s compared with the glass 
electrode. Both methods, howi^v^er, indicate the presence of a pseudo-acid group 
in the vitamin. From the summarised evidence we can infer the independence of 
1ht‘ band at 247 mp and the activity, and of the latter and the pseudo-acid group. 


Tabi(‘ II. pji and properties of vitamin Bj, 


Property 

UclemKca 

/>!. > * 

4-7 

7-9 9-11 

(\)iour 

H). (:!) 

tVilourlesH 

C'oi».»nrlesij 

Yellow fading to colourless. K. 

SjHK'tnim 


247 yttfi 

2.34 and 

2t>8w/i 

Increase in absorption at 
and appearance of broad band 
at 330-34(»w/i, rapidly fading 

Titration 

(ti). (<) 

Basic group 

Basic group 

Pk 

Pseudo- acid group appears 
slowly with Pk 

.*\zo colour 
n*aot ion 

(«) 

Stable 

Stable 

Tending to become unstable 
and much lost in performing 
alkaline tit ration . 1 . 

— SH re- 
action 

(i) 



No Present only after 

warming with strong 
alkali 

Activity 

(2) 

Kormal 

R —ReverHiblo. 

Normal 

1 = Irreversible. 

Normal Lost gradually on 
heating. I. 


References: (1) van Vwri [U)33J; (2) Kinnersley et al. [1935]; (3) Peters and Philpot [1933]; 
(4) Smakula [1935]; (5) Holiday [1935]; (0) Birch and Harris [1035J; (7) Moggridge and Ogston 
[1935]; (8) Kinnersley and Peters [1934]; Wintersteiner ei at. [1935]. 


The pj- values of the two basic groups at pj^ 4-8 and 3-4 agree well with the 
Ph required to form the mono- and di-sulphate resjiectively [Kinimrsley et al., 
193»5]. Their interpretation upon the Williams formula is not obvious. Following 
observations of Levene and Simms fl926], who showed that pyrimidine amino- 
groups had pyf 4*0~4*6, Moggridge and Ogston [1935] concluded that the group 
Pk vitamin might be identified with the (5 — NH 2 group. They 

pointed out the difficulty that this would leave the quaternary N atom out of 
account in the titration, because the weaker basic group would have to corre- 
spond with one of the N atoms on the pyrimidine ring. This is possible ; cyclic N 
in histidine has 6*18 [Birch and Harris, 1930]. It seems to be more likely 
now that the S decreases the effective basicity of the quaternary N atom. It is 
known tlmt S influences the precipitation of bases by phosphotungstates in 
this direction [Peters, 1930]; the precipitation jioint of thiolglyoxalines is more 
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acid than that of the glyQxalines by some 4-5 units. Further, Richardson 
[1933] determined the dissociation constants of dZ-thiolhistidine, obtaining 
1-84, 8-47 and 11*4 for — COOH, — NHg and — SH respectively. These are to be 
compared with histidine, 1*77, 618, 9-18 for — COOH, cyclic N and — NHg. 
Here S appears to have abolished the of the cyclic N. If the S in the vitamin 
is having such an influence, then p^ 4*8 must be due to the N of the thiazole 
group and p^ 3-4 to the 6 — NHg . Certainly the p^ at which the pseudo-acid group 
influences the titration would be consistent with this interpretation. 

The amlno-grmip, Williams and Ourin [1935] have stated recently that 
vitamin interacts slowly with nitrous acid to produce nitrogen. The reaction 
must be a very slow one ; using crystalline vitamin B^, after a thorough nitrous 
acid treatment, the crystals were recovered in 75^)^, yield and -with no change in 
property (Exp. 5). Making allowance for the small scale of the work, the 
destruction could not have been more than 10%. This is entirely consistent 
with previous evidence upon impure vitamin as to stability to tlie action of 
nitrous acid. 

The thiazole group. The recognition of a thiazole ring as a constituent of the 
vitamin Bj molecule by Williams and his colleagues and the deflnitt‘ identifl cation 
by Tomlinson [1935] of synthetic 4-methylthiazolecarhoxylic acid with the nitric 
acid oxidation product of Windaus et al. [ 1934] does not solve all problems in 
relation to the state of the S in the vitamin. The S is not prew^iit as - -SH until 
after warming with alkali, to which the thiazole structure is usually stable*. The 
vitamin must react with the ring intact and cannot function like glutathione by tlu' 
— S — S — to 2SH mechanism at a biochemical hydrogen ion concentration, owing 
to the relatively drastic treatment needed to free the S. Windaus *i nl. 1 1932] 
stated that warming with alkali splits ofl H2S and also NH.^. We have devoted a 
few experiments to this point (Exp. 6), and have clear evidenct* that S will 
appear as HgS after heating with alkali under conditions whirth leave the N iniat*t. 
Evidently the state of the S is different from that in insulin | Fr(‘udenberg and 
Wegmann, 1935] in which NH3 and HgS are statfid to be formc'd simultan(*ously 
by heating with alkali. It is Wi41 known of course that insulin has no curative* 
action upon vitamin Bj symptoms, but in case anyone should think that vitamin 
Bj might be the active group in insulin, it may be mentioned tliat an unpublished 
experiment by one of us (R. A. J^.) show^ed that insulin aft(*r hydrolysis had no 
action as vitamin B^, 

The formaldehyde azo-reaction. (Vitamin Bj colour reaction.) This was 
described by Kinnersley and Peters [1934). To a rather alkaline carbonate 
mixture are added diazotised sulphaiiilic acid, and after an interval the vitaniiji 
solution containing a drop of formaldehyde, added imm(jdiat<*ly before mixing. 
An immediate yellow colour appears which becomes pink after some 10 min. The 
maximum intensity is reached in an hour, and it will remain stable for many days. 

It has not been mentioned so far that this reaction does not occur in the 
jiresence of reducing agents. It is not due to the presence*, of groups reacting as 
the S in thiolglyoxalines, because the vitamin docs not give the Hunter reaction 
[1930]. It is given to some extent by acetone. The vitamin gives a reaction of 
Hunter for thymine,^ in which after treatment in sodium carbonate with the 
diazo-reagent, strong NaOH and hydroxylamine are added, to yield a reddish 
colour. On the whole, the vitamin reaction seems to resemble most those given 
by certain oxygen-containing pyrimidines [Johnson and Clapp, 1908]. 

^ Wo are indebted to Vrof. G. Hunter for allowing one of uh to see part of a thesiH, contaming a 
description of this reaction. In his elassifi cation, the vitamin colour reaction would be regarded as 
of the keto-enol type [c/. Koeasler and Hanke, 1922.] 
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The special properties of vitamin which lend themselves to study are the 
catatorulin activity (brain enzyme test), the colour reaction, the hberation of HgS 
on warming with alkali and the spectrum. This paper does not deal with the 
last. 

Vitamin Bj quinochrome. 

Before' proceeding to detail, we shall draw attention to the broad facts by a 
recent experiment. 

Exp, 1. A blue huorescent solution was prepared from vitamin as follows: 

0*92 mg. vitamin Bj.HCl (prep. 73%3) was dissolved in 0*82 ml. 15% ethyl 
alcohol (pjj about 5*5). 0*06 ml. MnOg suspension was added and the whole 
shaken at room temperature (23°) for 5 min. : 0*04 ml. iV 20 NaOH w^as then 
added and the whole again shaken for 5 min. A blue fluorescence visible in day- 
light rapidly appeared after the addition of the alkali, pji about 7*5. Aftcjr 
standing for a further 5 min., the whole was rcacidified with 0*08 ml. A"/20 HCl to 
Pii 0*2; it stood 10 days at room temperature. The colour reaction was then nil, 
but thtire was a delayed azo-reaction (see below) of 20% of the original. 

This solution was tc38tod upon an avdtaminous brain and gave the result that 
0*01 y of the fluorescent products was equal in catatorulin activity to 0*52 y of 
the untreated \ itarnin, i.e, there was not more than 17 % diminution in activity. 
Such fractions may also be <‘urativc to bhds. 

Is the fluorescicnce due to conversion of a vsmatl part of the vitamin into 
inactive fluorescent ]}roducts, or is a blue fluorescent substance itself bio- 
logically active? The fluorescene(^ is most intense in alcoholic solutions in the 
region of 7*0, and solutions must be compared under those conditions. When 
acidified tlu* .solution becomes yellow, giving the wdiole a green appearance, 
which is stated to bo also a pro]>erty of tluochrome. Wc w('re (*arly deceived by 
the extraordinary intensity of the lluoresceixce. Of our bt\st fractions, such as 
that in Exp. 1 , amounts of 0*5 mg. |x'r ml. show marked fluorescence in daylight 
with a slight purple tint. As little as 0*5y pesr ml. .shc)w%s good fluorescence in the 
ultraviolet (Hg lamp) light, of the same order of intensity as 3y per ml. of 
quinine sulphate (in A780 H2SO4, i'»% alcoholic solution). This is a conservative 
estimaU' ; tluj colours are somewhat difficult to compare. The blue fluorescent 
products are certainly fl tinu's as fluore.seent as quinine and more fluorescent 
than totrahydro-alloxazine, for a specimen of which we are grateful to Prof. 
Kobiuson and Miss Tomlinson. 

Hence by oxidation in this case a solution has been reached which is more 
fluorescent than some of tlie most fluorescent .substances known, with a slight 
diminution in catatorulin activity almost within the experimental error. If the 
quinochrome were formed at the expense of 20 % of the vitamin, it would have to 
be at least 30 times more fluorescent than quinine. As it is unlikol}" that any such 
substance exists, w<3 conclude tliat the quinocliromes themselves can be bio- 
logically active. 

We have not obtained quinochromes by treatment with HgOg. In the first 
experiments they wore produced by waiming with traces of gold chloride (as we 
know now in very small amount). Maximum yields have been reached with 
permanganate and manganese oxides; the is very important. 

Formation of quinochromes from vitamin Bj by manganese compounds. 

The main points reached in a series of experiments can be summarised under 
9 headings. In this work we have found it convenient to carry out the oxidations 
in small test-tubes, containing 1-2 ml. of concentration 1-2 mg. vitamin per ml. 
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As the solutions often stood for several days, pure redistilled ethyl alcohol was 
added to a concentration of 15% to keep down the growth of micro-organisms. 
Control experiments showed that this made no difference to the results. In order 
not to interfere with subsequent attempts to isolate tfie products, no buffers were 
added, and the pjj was estimated eolorimetrically upon a white tffo and is 
therefore only approximate. 

Permanganate, 1. At 5-"5*5 oxidation mth potassium permanganate 
takes place very slowly at room t(un]K^rature ; 2-4 hours are needed for 
comjdetion, the permanganate being added drop by drop. During the oxidation 
1 mol. Og is taken up. Upon completion mere traces of lluorescenco are present. 
The lluoresceiice may increase over sev(*ral days, but is only a fraction of the 
total possible. Decoloration with permanganate will occur at as acid a reaction 
as pj^i 2 but it may take 24 hours for eompletion. It is therefore favoured by the 
ionised molecule. Barium permanganate does not give such good results. 

At this stage there seems to be no interference with the properties of tiie 
vitamin, though the catatorulin activity may be a little diminished. 

We do not understand Mdiat is hapfK'ning in this step, possibly (0)NH, NH. I’he {kt- 
manganate is not oxidising traces of possible alcohol left in the crystals or traces of HCl; this was 
€*xcluded by controls. Assuming a dofmitc oxidation the stop must be reversible, liccause after 
removing the oxides of manganese, crystals of vitamin have been recovered vith all the 

usual properties, M.r., colour reaction and activity. They can further be re-subjected to a fresh 
oxidation with permanganate. 

2. After 1 , if the solution is brought to Pn 7-7-5, the tluorescenct^ gradually 
increases during 10 days to a maximum. Heating the solution incri'ases the rate 
of formation with a dt^crease in the total quinochrome yield. The pseudo-acid 
group is still present after 1, because the has to be stabilised liy addition of 
traces of alkali. During the course of this the azo-reaction tends to disappear and 
to be replaced by a delayed colour reaction, in which the solution after mixing 
with the diazo-reagent shows no colour for an hour or more. The catatorulin 
activity is present though variable. 

3. With addition of more alkali to p^j 8-0, less fluorescence is produced; a 
further amount of permanganate can be taken up at this stage, up to 2 mols. of 
Og being recorded in one experiment. There appears to be destruction or oxidation 
beyond the fluorescent stage. 

4. An oxidation started at pj, 8*0 produces a poor yield. The changes 
detailed in 1-3 can be completed much more quickly by adding the brown oxides 
of manganese (thoroughly washed) formed in an oxidation of oxalic acid. Hence 
there are really two steps in 2 and 3, the last being due to the oxides formed in 
the first. 

5. Oxides of manganese. Addition of the oxides of Mn at pjj 5-5*5 gives 
practically no fluorescence even upon standing for 30 min. 

6. After 5, if the pjj is taken to 0*8 (short of pjj 7-0) there is an immediate 

fluorescence, visible to the naked eye. At first there is little change in colour 
reaction or catatorulin. After standing for a few days the colour reaction changes 
to the delayed type, and there is an improved yield of quinochrome. In a 
particular case the fluorescence increased as follows, 10 being considered to be 
maximum, 30 min. 0*5, 2 hours 1*0, 1 day 5*0. At this 6*5-7 *0, more fluores- 

cent substance has beem formed than in any other way. 

7 . After 5, if the pj, is brought to 7*6 approximately, there is again immediate 
fluorescence, but the colour reaction is less stable and the total yield less, unless 
the pj 2 is brougiiit back to 6. 



Table III. Progress of azo-reaction and blue fluorescence in oxidised vitamin solutions. 
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161 


Denominator gives azo reaction Normal :: Delayed in terms of maximum 10. 
For details of the preparations see Experimental, and Table V. 
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8 . When brought back to 4*0 there is an immediate change of the 
quinocbromo solutions to a yellow colour with change in the tint of fluorescence. 

9 . Treatment with the oxides abolishes the pseudo-acid shift. There is 
negligible formation of — SO 4 during these oxidations; the end result is a 
solution which gives no reaction for — 8H on warming with alkali, or even on 
fusion with Na or K in amounts which for the vitamin would give a strong 
reaction. However, the S can be converttxl into sulphate and so identifled by 
(Jarius oxidation with nitric acid in a scakHl tube. That the vitamin S can reach 
such a state may excuses previous failures to And it, but it is clear that these 
properties indicate a substan(*e of difl‘er(‘ut (*hemieal behaviour from the usual 
vitamin Bj. 

Relation of blue fluorescence and the azo-reaction. 

The question may now be asked as to what is the relation between the 
differtmt variables. That between tiw^ blue fluorescence and azo-reaction is 
treated in Table III, betwetm the former and the nitroprusside reaction on 
warming with alkali in Table IV, and the ex})lorat-orv experiments upon the bio- 
logical acti\dty in Table \\ Records of the normal and d(4ayed colour reactions 
are given in Table III as well as the blue fluores(*enoe in terms of a standard at 
intervals after treatment with MnOg. The fluorescence once formed is stable 
under these conditions and even remains stable if tln^ pjj is shifted to 10 in tlu^ 
dark. There is no relation bc^tweeu the azo-reaction delayed or otherwise and tln^ 
amount of the fluorescence. For instance, wx' have 73*1, FI 1 azo nil ; 73*3, 
FI 10 , while azo-reaction falls from 3:4 to 0*5:2, and 74*4 FI 5-7*5 while 
azo-test is 0 : 8 and 4 : 4. There is a tendemey for the azo-reaction to fall otf 
more quickly when the p^i is greater than 7 {cf. 74*2 against 74*4). Thert*. is a 
general correlation between the loss of the property of forming — SH on warming 
with alkali ami the appearance of quinochrome (Table 1\‘). The provisional 
conclusion is that azo-reactions and formation of quinochrome an^ independent 
reactions, but that the latter is closely rcdahMl to clisapjx^aranee of — 8 H. 

Table IW — SH reaciion with hoi alkali, and blue jluortsccnce. 

10 — maximum. 


Preparation 

— SH 

Fluoresceiue 

Before treatment 

10 

NiJ 

731 

10 

i 

74-3 

4 

1 

74-2 

•> 

— 

74-4 

*2 

10- 

73-4 

Trace 

lo 


Biological activity. 

Information upon this is comprised in some 20 catatorulin tests upon the 
brain enzyme system [Passmore el aL, 1933; Kinnersley et aL, 1935] and 2 sets 
of (mrative tests upon pigeons. The curative tests i)rov(! that then^ can be still 
much biological activity left in specimens of vitamin treated with |>ermanganat© 
or manganese oxides and containing much quinochrome. The value of 4 y per 
day dose must be accepted with the reserve imposed by the recent finding that 
crystalline vitamin does not give satisfactory tests [sec Kinnersley et al,, 1935]. 
The preparation might have seemed more active with a lower done. 

The catatorulin tests give more precise results and must be accepted as proof 
of action upon a specific enzyme system. The values have been obtained in 
media containing pyrophosphate, and as usual the relative maintenance of 
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respiration is the standard. They must be regarded as preliminary because in 
some cases it appeared that the shape of the curve relating dose to Og uptake was 
changed in the oxidis(*d samples. 

Table V. Biological tests. 

Fluoresccnco 10 maxinium~at least 00 quinine milphaU*. () infliratcs th(* number of birds 
upon which ttisi is based. N, riorraal: D, delayed. 


A. (Jurativc x>igeon tests. 


Prepara- 



Azo-rcaetion 

/ — - , 

Blue 

fluore- 

('atato- 

1 >osc 

Day 

No. of 

tion 

Daten 

N 

11 

scence 

rulm 

given 

dose 

birds 


iv. 35 

0 : 

4 

[5]* 

9- 

20 y 

3*7 y 

(9) 

59 

lii. 35 

2 : 

3-5 

[r>\* 

<5 

20 y 

2 9y 

(-^) 

74-2 

vii. 35 

0 : 

2-5 

10 

fl 

ir>y 

2'7y 

(0) 


* Blue iluoroscenee not aeeurately measured in the first two: the value in squaYe brackets is 
judged from that reached in other experiments. 

B, Catatorulin tests. 




Days 
aft er 

Azo -real ‘lion iilue 

Cat at o- 



I’repara- 

oxida- 

r — lluore- 

rulm 


Exp. 

tion 

tion 

N D seemee 

aetixilv 

3'reatnicnt 




{n) Oxidised by manganese 

oxides. 


915 

73*3 

0 

10 :: — Trace 

8 

Shaken with MnOg at 






5*0 only 

914 

73*2 

0 

llj 

10 r 

jqi 7*5 and brought back 





to 7)^ 4*5 after 45 min. 

920 

73*3 

1(» 

Trace :: 2 10 

8 3 

7/^ 7 5 for 5 min. and then 
back to acid 7>n 

917 

921 

73*4 

73*4 

2 

4 

8 :• - |3-5j 

5 :: - 110] 

1(0 

O 

Kept at pyf (>*9 

924 

74*2 

13 

28 :: 8 f 3 

4 2 

K(q>t at 7>|, 7*2 

928 

74*2 

n 

0 :: 2*5 10 

(> 

- 

923 

74*3 

3 

0 :: 2*5 0*5 

4*3 

OMilus»‘d in 90 ‘'0 alcohol 






at 7>ji 7*0. (Exp. 2.) 

928 

74*4 

10 

2 :: 1*5 10 

3*3 

i'll <>*5 



For data on some of these tests 

, sec Exp. 

7 , 




(6) Oxidised by p(*rmanganate. 


S20 

82 1 

57*7 

57*7 

«).> 

27 

7 15) 

4 15) 

8-10 r ) 

8-9 \ 

htH ) 

C)xidiscd and kept at 7qj 

820 

59 

22 

5 :: — [51 

/ ’•) 

829 

59 

24 

- [•>] 

5 

— 

830 

59 

25 

2 ::3*7 jo] 

7 


831 

00 

1 

10 Traee 

4 

Oxidised and kept at 71 jf 


0*0 approx. 


In the ex|H»ri!nents marked 10 f there was a detinite inerease in the catatorulin effect above the 
maximum possible with addition of normal vitamin Bj. Square brackets means that the fluore 
scence was judged from other experiments. 

Kxps. 820, d2tt, 921, 928 show’ 5-10 huoresoenw and high catatorulin activity. 

Exps. 830, 918, 920, 928, 923 show poor a»o-reac*tion and high catatorulin ac tivity. 

E.vp. 928 shows high fluorescence and low catatorulin activity. 

There seems to be a super- catatorulin effect amounting to some 10% in 
several of the specimens; this is marked in the table as 10 -f (see also Exp. 8 
for tests upon a worked oxidised fraction). It moans that tlie catatorulin action 
of these specimens exceeds the maximum value possible with excess of vitamin 

. Accepting ± 1 (10 %) as the limits for the tests (in many oases they are more 
precise than this), the following is shown. 


151—2 
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L Specimens with high catatonilin activity, may show maximum fluores- 
cence. 

2. Complete loss of colour reaction is not necessarily attended with complete 
loss of activity. 

3. An entirely oxidised specimen, from which all traces of vitamin 
proper have been removed, will still show catatorulin activity. 

4. The conditions for forming quinoohrome without loss of biological activity 
are not completely understood. 

In interpreting these results, we must remember that much trouble has been 
taken in establishing in previous papers from this laboratory the fact that 
azo-reaction and catatorulin tests are satisfactory indicators of activity in 
crystalline vitamm B^ . The general conclusion must be that other forms of the 
vitamin exist than the one which gives the normal azo-reaction, and that it 
is unlikely that there is not a quinochrome form of vitamin Bj with different 
properties, at least as far as the S is concerned. 

From the above work, it follows that then* can be no direct relation between 
the group responsible for biological activity and that giving the azo-reaction, or 
between the structure especially responsible for the blue fiuorescence and the 
activity; in view of the former conclusion this must include the state of the 8. 

In order to explain the experiments, there must be postulated as separate 
entities the quinochrome substance still giving the full azo-reaetion, that giving 
the delayed reaction, and the fluorescent and non-fluorescent degradation pro- 
ducts. In addition there is the elusive first product of permanganate oxidation. 
For a summary of the oxidation stages, see Table M . 

Table VI. 


Oxidation stages 

Azo- 

test 

C^atato- 

rulin 

Pigeon 

— 8H 

■— S 
fusion 

Fluore. 

Hci'iice 

Colour 
in and 

Pseudo 

acid 

Vitamin Bj 

Intermediate product 

4 ' 

Quinochrome A 

Quinochrome B 

+ 

+ 

+ 

4* 

4* 

- 

0 

4- 

+ 

+ 

+ 

4- 


- 

0 

4- 

db 

-f 

-h 

Nil 

Nil 

4* 

Yellow 


9 

- 

- 


- 


Yellow 

- 


? thiochrome 

I 

Non-fluorescent 
degradation products 

The formation of the intermediate product does not stop the pseudo-acid 
change, but is essential to production of the fluorescence (notes 6 and 7), The 
formation of A completely abolishes the pseudo-acid change, and acidifleation 
then gives the yellow colour at values more acid than O'O, in strong 
solution visible at 7*0. 

Properties. After removal of manganese oxides and evaporation to dryness 
with alcohol to remove the last traces of salt, the substances ju'esent in the blue 
fluorescent solutions form an oU and will not crystallise, nor will the addition of 
light petroleum to the alcoholic solution bring out crystals as with the pure 
vitamin. Mixtures of other solvents have so far not succeeded. The substances 
arc soluble in (^thyl and methyl alcohol and water, but only in traces in lipoid 
solvents.^ Solubility in chloroform is very low, and this secerns to be a marked 
dif[erenc;e from thiochrome. No insoluble picrate or picrolonate could be made, 

^ Rangier [ JSSo] states that urochrorae, containing 2 % 8, is soluble in H 2 O and dilute alcohol 
but not in organic solvents. 
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nor silver salt at acid values. The only promising precipitant was mercuric 
chloride with sodium acetate, both in excess. Fractional precipitation from any 
unchanged vitamin can be carric^d out with this reagent, because unchanged 
vitamin requires less of the reagents for precipitation. It has not proved possible 
to purify the mercuric chloride compound upon the small scale. Analyses upon 
3 different samples, gave HgClg 70 % (Hg 60 % approx.), N 5-6 % and C 9-13 % . 
The C/N ratios were nearest to C12N4 in 2 of the samples). Ng was 

excluded by the analyses. 

Treatmcmt of the mercuric chloride complex with HgS precipitates the 
quinochrome for the most part as an adsorption complex with the sulphide, from 
which it can be freed with hot water. In its ease of adsorption, it resembles 
rather clostdy the havins, and it is very readily adsorbed upon vitamin 
hydrochloride crystals. The loss of biological activity at the gold stage in the 
preparation of crystals of vitamin is associated with the adsorption of blue 
fluorescent substances upon the gold sulphides from which they can be extracted 
by p3nridine-methyl ah'ohol- water, following the technique of Kuhn et al. for 
flavins. In this connection it may be mentioned that Schopfer [1934] states that 
certain apparently pure specimens of flavin still contained traces of vitamin B^ , 
suffi<*i(mt to a fleet the growth of micro-organisms. It seems most likely that this 
was the quinochrome form. 

The oxidation-reduction properties of the quinochrome are rather negative as 
for the flavins. It is not reduced by HgS or ascorbic acid. Ko change in fluores- 
cence was seen upon incubation anaerobically in a Thunbe^g tube with an active 
siiecinoxidasc solution. But sodium hydrosulphito readily reduces quinochrome 
tc» a leuco-compound, w’hich again becomes fluorescent upon re-oxidation. The 
implied stability to sulphite is interesting in vdew of the ease with which 
vitamin B^ itself has been shown b}^ Williams et nl, [1935] to be degraded by 
sulphite. In neutral or acid solution the fluorescence is stable to strong light 
(Exp. 4). After reading the statement of Kuhn et al, [1935] as to the instability 
of thiochrome uf>on illumination in alkaline solutions, we have found that this is 
also a property of our solutions. 

Discus.sfon. 

The empirical formula and blue fluorescence of the vitamin oxidation products 
together with their general adsorption behaviour led to the hypothesis [Peters, 
1935] that vitamin Bj might be a thiopyrimidazine (hexahydrothiolumichromo). 
In support of this, it W'aa found that the thiop^Timidazines made by Robinson 
and Tomlinson could bo readily converted into quinochromes by permanganate 
oxidation about 7‘0, with removal of S as SO4. This view is not now 
tenable for at least 3 reasons; vitamin Bj appears to be a pyrimidinethiazole 
compound [Williams, 1935] : blue fluorescence arLsos without removal of S 
as SO4 as we have shown here: and thiochrome |Kuhn et al. 1935], a S- 
containing substance, has a blue fluorescence. But the idea that the blue 
fluorescent substance may be produced by ring formation between the — 
at 6 and the — CHg [Robinson and Tomlinson, 1935] is still tenable. From the 
present work it appears that formation of quinochrome is coincident with loss of 
the pseudo-acid shift and loss of the — SH reaction upon warming. Change in 
the valency of the N atom from quarternary to tertiary might well account for 
this and might accompany the closure of another ring. Evidently the critical 
for the formation of active quinochrome with permanganate is about 7*0, which 
coincides with the at which the basic groups become practically un-ionised 
and with the start of the pseudo-acid shift. The immediate appearance of some 
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10 % at least of the fluorescence at room temperature is curious. The substances 
formed certainly resemble the thiop\Timidazines in colour, but not in ease of 
crystallisation or in solubility in aqueous solutions. Formation of a third ring by 
closure in the 6 position should be accompanied by a slight change in basicity 
which might he revealed by titration. Upon the views here expressed there 
should be a change in the aikaline spec^trum after oxidation to quinochrome A. 
Some preliminary results have already becui obtained in this direction by our 
colleague Dr Holiday, whose work will be reported later; it will be noted that the 
spectrum of thiochrorne shows no alkalim^ change. 

The question arises as to how far the Williams formula ac(*ounts for the 
groups responsible for the colour reactioji and the biological activity. The brain 
enzyme work published from this iaborator\ implies that the vitamin acts as an 
acceptor or donator of — H or — OH in soiiu^ oxidation^rtHluetion systcmi. We 
can readily picture the changes upon oxidation and closure ot the ring. Closure 
of the ring and changt; in tlu? 8 must be simultaneous. Keasons have been given 
against any belief that we are dealing with a sulphydryl-disulphide system; 
and the independ(mce of the S behaviour and the biologiiral activity do not 
suggest a direct relation with this part of the moh^eiih'. Our jirovisional (‘on- 
clusion is that both the biological activity and the colour reaction are eoniu^cted 
with the — NH 2 group at (i, wliioh woidd therefore b(‘ capable of existing in two 
states of oxidation - -NH 2 and - N H ^ Upon such a view the nit rog(*ii atom in th(‘ 
closed azine ring might be still able to fiinetion a.s H acerqitor and donator. It is 
indeed quite conceivable that the bliu* fluorescent oxidistnl form may nqin^sent 
the actual biologically active This would explain tlu‘ t‘X(M^ss (‘atatorulin 

activity noticed in several (experiments. 

The connection of the colour reaction ^nith the — XH .2 at 0 wtmid explain the 
strict relation betwceen colour n^aetion and activity in tlu* normal vitamin and 
the changes in the colour ri'action which take placi- during gradual closure of the 
ring. If the first stage of oxidation is from — to — NH, wt‘ can pi(^ture the 
intermediate stage as follows : 

^ ^ ^ ^^ 4 *^ 

InUTriKMlmtc statjc* Quinoobronip stage 

We have often betui driven in our work to a belief that mort^ t han on<^ form of 
vitamin exists [Kinnersley and Pet<Ts, 1928). It is .satisfactory to liavtf more 
direct evidence for this. Some of tlie properties of thi^ more impure vitamin con- 
centrates, which are known to ditfer from thos(^ of the crystals, may be (‘Xplaim^d 
by the presence of these modifleations of t he vitamin. The matt(*r is now^ under 
investigation. 

Experimen’I’al. 

Note. Comparison of the intensitu's of thf' fluor('seenc(^ of difTcijreiit samples 
has be(m made wu'th the aid of quinine standards. 

Exp. 2. Oxidation of vitamin Bj in conceMtrated alcoholic mint ion by manganese 
dioxide. Previous to the observation that vitamin on oxidation formed 
quinochrome, it had l>een notic(^d that alcoholic solutions of vitamin Bj on 
standing in tlu^ cold or at room temperature for variable periods up to several 
months containcMl a blue fluor<‘.scent substance. (Care must be taken to us© 
extracted corks since a blue fluorescent substance is frecxl from cork by alcohol.) 
A quinochrome is formed in small amounts and is rather insoluble in water, 

^ I his would he eonHistent with the change of the 3*4 group when titrating with th© 
hydrogen electrode. 
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At 0° it is produced more rapidly the nearer the is to 7, whilst very little of 
it is formed at 2. The substance is made more quickly by the addition of 
manganese dioxide in 85% alcoholic solution and an adjustment of the p\^ to 
approximately 7, In prep, 74*2 for instance thc^ fluoresec'nce produced was not 
by any means maximum but was almost instantaneously formed ; after oxida- 
tion, about half the catatorulin activity was left with no colour reaction. (See 
Table V", B (a).) 

Exp. 3. (Jounparimn of the rnte^ of formation of fluorescence at pj^ 5-6 and 
pji 7*5. To 1-14 mg. vitamin HCl in 1 ml. 15% alcohol was added an excess of 
MnOg . The mixture was shaken for 5 min. adjusted to p^j 7 and again shaken for 
15 min. after whi(!h the p^ was brought back to 5*5. 

A similar solution of ]*ll)mg. vitamin H(.d was treated in the same way. 
The /q, was, however, maintaitu'd at 7. (Comparison of the fluorescence of these 
two solutions showed that there was ultimately no difference in the int(uisity, 
but in thci accidie solution the fiuore.seenee t<mded to develop more slowly. 




Time 


Preparation 

2 hr. 

3 (lavH 4 <ia\rt 

0 day.s 


Y<‘llosv 

.*> 5 

Km of Hnorc's 

Pu " 

19ue 

5 10 

10 r<‘gHr<le0 as maximum. 

10 j ('(‘lu-e 


Ii]xp. 4. of sunlight upon guinochroine. (a) floinparison was made 

l)et ween two 15% alcoholic solutions of qtiiiKK'hrome {*aeh eipiivalent to 0*250 mg. 
original vitamin in one <‘ase the pjj was atijusted to 7 anfl in the otluu* to 9, 
Aft(‘r standing for thret'; days, no differenct^ was observed in their lluorescence. 
Ex{)Osur(* of the solution at 9 to sunlight for 1*25 hr. eaus(‘d a 95 diminution 
in the inOuisity of fluoreseenee. Xo change was ohserv(‘d in the solutioTi at 7. 

(h) 0*25 mg. vitamin H(JI in 0*25 nil. H./)(pj| aj)proximatcly 5*5) w'as oxidised 
by the addition of 0*25 ml. X 100 KMiiOj drop by drop. On cxfMisuri^ to sunlight 
for I hr., no diminution in fluorese<*nc(‘ was observed. 

Exp. 5. life action of nitrtms add on vitamin I\. 12*01 mg. of vitamin HCl 
wert‘ treatol w ith 8*2 mg. barium nitrite in 0*45 ml. H./) and 0*05 ml, H(J1 and 
allow't^d to stand for 3 lir, when a further 8 mg. of barium nitrite were added. The 
solution W’as thoroughly acid and the evolution of gas complete. After heating 
on the watiT-batli the solut ionw'as treattulwath 0*05 ml. baryta, saturated at room 
tomixTature and the wdiolc worked into absolute ak*ohol at 3. By colour 
reaction, 40(K) doses of vitamin w^ere present (‘corresponding to 8*0 mg. After 
removing tlie inactive precipitate of BaCl.^ w hich gave no colour reaction, 8*8 mg. 
of vitamin B^ crystals were isolated giving normal colour reaction and catatorulin 
activity. 

The recovery was therefore at least 75% not allowing for certain luiworkable 
residues, so that not more than 10% was destroyed. 

Exp, 6, Liberation of sulphur from vitamin by treatment with alkali, 
10*83 rag. of vitamin HOI were dissolved in 1*5 ml. ILfd and added to 150 mg. 
Ba(OH)2. The mixture w^as heafod on a water-bath for a total period of 1*25 hr. 
Volatile gases were exjxdled by blowing nitrogen through the mixture and 
collected in 7*55 ml, NjlOO HCl which at the end of the experiment required 
exactly 7*55 ml. iV/lOONaOH for neutralisation. We concludiHl that no 
ammonia had been liberated from the vitamin under these (conditions. The 
mixture was acidified with 2 ml. H2SO4 and again heated. The liberated 
HgS was expelled by a stream of nitrogen into a 12*5% solution of lead acetate 
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containing 1 or 2 drops of acetic acid and weighed as lead sulphide. The total 
amount of sulphur converted into H^S was approximately 40 % of that present 
in the original vitamin. 

The residual solution after the above treatment, brought to 3, showed a 
strong blue fluorescence. Like quinochrome, this blue fluorescent substance is 
precipitated by mercuric chloride and sodium acetate. In view of the fact that 
only part of the sulphur was removed by alkali treatment it seems probable that 
the fluorescence is due to quinochrome itself since the sulphur in this compound is 
not very labile to alkali. 

In Table VII the different amounts of HgS formed by alkali in several experi- 
ments are given. In no experiment have we been able to detect the liberation of 
ammonia. In some experiments attempts were made to collect volatile mer- 
captans by alcoholic mercuric chloride solutions. No evidence was obtained of 
sulphur produced in this form from the vitamin by action of alkalis. 




Table Vll. 




Wt. of vitamin 


Amount of NH^ 

Amount of 8 

Exp. 

rag- 

Reagent 

liberated 

liberated (%) 

1 

11 -63 

A’ NaOH 

Nil 

58-8 

2 

5*42 



15-4 

3 

3-4 



47-5 

4 

2-4 

10 "o baryta 


74-5 

5 

10-83 

Nil 

40-0 


Sulphur was determined as lead sulphide except in the case of Exp. 4 where 
it was weighed as barium sulphate. 

Exp. 7. CataioruUn tests. The catatorulin tests (see Table V) were made for 
the most part on the cerebrum of the avitaminous pigeon in head retraction. 
(The (jerebrum gives better duplicate values.) Several had to bo rejected owing 
to insufficient depletion of the cerebrum in vitamin. Pyrophosphate was present 
in the medium and the technique was essentially that described in a previous 
paper by Kinnersley, O'Brien and Peters 11935, Appendix]. The data for 
uptakes for thre*e typi(*al experiments for a period of respiration of 1-2 hr. are 
given in Table VTTI. It must be rememl>erc*d that l*0y normal vitamin gives 
practically maximum increase in respiration. 

Table VIII. 

Ojj uptake for 1-2 hr. jieriod expressed as /il./g./hr. 

Normal vitamin 


Ihiknown 



Weight uf 


^ 

A 

“ - A 


Vitamin (y) 

Ojj uptake 

Preparation 

Weight (y) 

Og uptake 

914 

2-28 

1142 ±3-5% 

73-2 

0-76 

1048 ^:4% 


0-38 

848 4,10;, 


0-253 

791 ±2-^% 

921 

2-5 

1505^1-2% 

73-4 

50 



007 

12874.1-00,,, 


1-0 

1335 ±0*5% 

920 

30 


73-3 

5-0 

1522 d:l% 


0-3 

1240 i-O-.^o;, 


0-01 

1407 ±3% 


XoTK. 'rh(‘ mean is rec ordt^l with j; deviation of the duplicate* from the mean. 

Not used in eomputing the resiiUs he<*.ause the resynration decreased at an abnormal rate. 


Exp. 8. The preparation of blue fluorescent material free from vitamin 
2(»-63 mg. vitamin HOI were oxidised with MnO* at pjj 7-3 for 5 days. 
Fluoresccnee appeared rapidly and at no time was there evidence of the forma- 
tion of sulphate during the oxidation. The colour reaction gradually changed to 
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the delayed type and on the third day was 0 : 4, The whole was concentrated in 
vacuo at 7 and worked into 1 ml. absoliite alcohol at 7 ; 3 ml. light 
petroleum were added which removed traces of insoluble material. The filtrate 
was further concentrated to 0-3 ml. and 0*7 ml. light petroleum was added. A 
few very fine needles separated after standing 2 days in the (!old room. At this 
stage any unchanged vitamin would have precipitated. The filtrate from the 
needles was very yellow and fluorescent ; to it were added 2 similar fractions from 
21 '5 mg. and 4*93 mg. amounts of vitamin. 

An IHy sample of the total filtrates containing 35 rag. of oxidation products 
gave a colour reaction: normal, nil, delayed 8, and fluorescence not more 
than 2, The catatonilin activity of these fluorescent products is shown in 
Exp. 91 8 whore comparison is made between the effect of normal vitamin and 
that of th<^ fluorescent substances on the respiration of avitaminous pigeon brain. 
It is seen that the oxidation products gave an increased catatonilin effect, 
greater than the maximum of the normal vitamin. 

Exp. 918. 


Normal vitamin 

K 

VVoinht iy) (>2 uptake /il.;g.;hr. 

1 ir>0(>i:3-7«o 

0*33 lOUO .1 1 «o 

Note the itiereaHed aetivii 


Fluorescent preparation 

. > , 

Weight (y) (>2 uptake pl./g./hr. 

10 1617d;3»o 

I l.'515±10% 

over 1 y normal vitamin. 


Exp. fd9 shows the increase in Og uptake with increasing concentrations of 
the fraction. Weight of fraction (y) (>2 uptake pi. /g. hr. 


Nil 

or> 

J-0 

50 


1142 ±4-3% 
1.390 ±1 *20;, 
1037 ±30% 


From these experiments, there is no doubt that a fluorescent fraction from 
whiclj all normal vitamin was removed is still biologically active. 


Summary. 

1. Blue fluorescent oxidation products of pure vitamin Bj are produced at 
room temperature very slowly by the action of permanganate and manganese 
oxides at p^l values more acid than 6-0, more rapidly about 7-0. The 
substam^es formed are yellow in acid solution. Sulphur is not split off as sulphate 
but the state of combination of S changes. The vitamin colour reaction 
(formaldchyde-azo-reaction) diminishes during oxidation, but not as in the case 
of alkalidabile S in proportion to the development of the fluorescence. 

2. The fluorescent oxidation products show biological activity even in 
absence of the normal colour reaction ; hence other forms of vitamin B^ exist than 
the one at prestmt isolated. 

3. The sulphur is split off as HgS from vitamin by a treatment with hot 
alkali which leaves the nitrogen intact. 

4. Pure vitamin Bj reacts very slowly if at all with nitrous acid. 

5. These changes are discussed in relation to the chemical constitution and 
biological activity. 

We are indebted to the Medical Research Council for grants in aid of the 
research and for personal grants to two of us, also to R. W. Wakelin for skilful 
assistance. 
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A KNOWLKDGJ*: of the composition of the mineral eonstitiamts of bone is important 
for two n'asons. First, the most fiojiular view of the mechanism of ossitication 
supfioses that in boiK' formation a salt is precipitated from its saturated solution. 
The desirat)ilitv of knowing exactly what salt is tlius d(*posited has been (‘on- 
sid(T(Ml by Sh('ar and Kramer [ 1028, 1] and Kosfd>erry et al. [1931]. Secondly, 
work on calcium nu^tabolism frequently suggests that calcium is being laid do^vn 
in, or nutujved from, bom* [e.g. Cireenwald, 192<>: (Inamwald and Gross, i92()|, 
but it is impossible to detec t these' bone changes in the presence of the large 
amount of calcium ston'd there. If. however, l>one salt were first deposit<Mi in 
SOUK' spfs'itic form which slowly changed to the salt of adult bone, or if some 
lai)ile form of (‘alcium were nunoved first, Bui'h changes might be detected. 

Kxamination of th(' miiK'ral constituents of Ixmes of many species by physical 
UK'tliods [Taylor and Slieard, 1929. Hoseberry ei at., 1931 J. or by chemical 
methods [Shear and KrarncT, 1928, 1, 2: Morgulis, 1931], has established the fact 
that th(‘^ consist largt'ly of caU;ium, phosphate and carbonate in such proportions 
that the calcium may b<* assumed to b(‘ mainly carbonate and tertiary phosphate, 
and that they have the crystalline struetiire of tie' aj>atite series. By ditTerent 
chemical nu'thods, »Shear and Kramer [1928, 1 1 and Morgulis [1931] concluded 
that small cjuantities of ('a(OU )2 are present in addition to tlu* (*arbonate and 
])h(»s[)luite. These workers assumed that all the carbonate was bound to calcium, 
and tliey calculati'd t he ratio to the phosphate* for the ealeium not thus bound, i.e. 
the residual CajV. They found this ratio to average 1 *99 (Shear and Kramer) and 
2*94 (Morgulis), whilst for tertiary phosphate the theoretical figure would be 1 *94. 

In tin* examination of the ash from large* numbers of young rats, Burns [ 1920] 
found a ratio for the total Ca/P ranging from 1*99 to 2*10, which approximated 
rather to that of the residual Ca/P tJian to the total Ca/P as found by the afore- 
mentioned workers. Hammett [1 925] gave proportions of calcium and phospliate 
in the bone ash from young rats which showed a total Ca/P ratio of 1 *89 to 2*04. 
It seemed therefore possible that the bones of young animals either contained 
little or no carbonate, or that there was present a form of phosphorus, which 
appeared as phosphate in the ash, but was not estimated as such by the methods 
of Shear and Kramer or of Morgulis. An attempt was therefore made to locate 
this phosphorus in the bone and to determine the influence of ago on the com- 
position of the bone salt. 

Before analysis, the bones were dried at 109-1 10*" and extracted with alcohol 
for 8 hours and ether for 16 hours, the epiphyses being previously torn off and 
treated separately. Tlie same sample was used for carbon dioxide, calcium and 
phosphorus estimations; the solution for the last two was prepared during the 
estimation of the first> which was done by one of the following methods, 

{ 2385 ) 
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Estimation of carbon dioxide. 1. Manometric method. This method will 
estimate 0-13-0-03 ml. of COg corresponding to 0 01 5^*13 g. of bone according 
to its degree of calcification. A Barcroft blood-gas manometer was used ; 2 ml. of 
boiled distilled water were placed in each bottle and the weighed sample of bone 
in one. 0*45 ml. of 80 % tricdiloroacetic acid was placed in each stoppt^r, and the 
estimation was carried out exactly as for the determination of the Og content of 
blood. 

The Barcroft bottle was previously calibrated using a standard solution of 
sodium or guanidine carbonate, so that the constant included an approximate 
correction for CO 2 remaining in solution. 1 ml. of 0*17% sodixim carbonate or 
of 0*36 % guanidine carbonate is a convenient quantity. Seven calibrations of 
4 estimations each gave a maximum variation of less than 3% in each group. 

The following analyses were carried out on a sample of ground bone to check 
the accuracy of the method : 

008% 2*53, 2*51, 2*51, 2*62; Ca % 22*15, 21*95, 22*30, 22*75; % Oa as 
carbonate 10*40, 10*40, 10*20, 10*45, Maximum variation 2*5%. 

2. Titration method. Wlien larger amounts of bone were available for analysis 
the method used was a modification of that described by Van Slyke [1918]. The 
modifications consisted of (a) the use of 80% trichloroacetic acid to liberate the 
carbon dioxide, instead of the hydrochloric acid used by Van Slyke. Trichloro- 
acetic acid is non-volatile and does not dissolve out protein when dissolving the 
salts of bone, (b) After the removal of the washed tube containing the bone 
solution from the flask containing the mixture of baryta and barium carbonate, 
the latter was not filtered off, but the baryta was determined directly by simple 
titration with 0*1 A potassium hydrogen phthalato with phenolphthalein as 
indicator. The acid potassium phthalate was without effect on the barium 
carbonate. This direct titration diminished the possibility of contamination \idth 
atmospheric carbon dioxide. 

To avoid the formation of a thick protein precipitate whic‘h prevented the 
further action of acid on the bone, 2 ml. of boiled distilled water were added to 
the bone powder, which was mixed in the tube to form a smooth paste, IVo 
or three drops of octyl alcohol were add(?d to prevent foaming. Pure sodium 
and guanidine carbonates were used to test the method. Under a pressure lower 
than about 60 mm., the tap gri‘ase was not satisfactory and the vacuum was not 
preserved long enough to enable the reaction to go to completion in the bone. A 
pressure of 60-70 mm. was therefore used. The rcisults of twelve estimations of 
carbonate in standard sodium carbonate solution gave an average error of 
— 1*5% and a range of error of —0*5 to —3*0%. 6a a similar batch on dry 
guanidine carbonate, th(^ error rangtid from —3*0% to -f-2*0% with an average 
<^f 1 % • Figures with an error of — 5 to — 8 % were secured when a pressure 

of 110 mm. was used. To minimise the picking up of atmospheric by the 
baryta while it was being run into the conical flask, the baryta burette was 
fitted with a long tip which ran down to the bottom of the flask. 

Compared with the manometric method the titration method showed the 
following percentage variations in a series of 10 duplicate analyses: -0*8, —5, 
-1*5, -4*8, +0*8, +2*4, +1*7, +2*2, +3*75, +12*4. (This last high value did 
not agree with the Ca estimation on the same sample.) 

Estimation of calcium. The extract of bone was made up to 2 to 10 % of 
trichloroacetic acid according as the amount of bone used ranged from 0*01 to 
0*1 g., and the volume chosen was such that 2-3 ml. of filtrate contained 0*6 to 
0*8 mg. of Ca. Calcium was estimated as described by Bums [1933], aad in this 
concentration the range of error was ± 1 % . 
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Estimation of phosphate. Two methods wore used. In the first a solution 
containing 2~5 mg. of phosphorus was brought to the boil and to each 100 ml. of 
the solution were added 00 ml. of an ammonium molybdate solution prepared 
according to the method of Colo [1926]. The solution was boiled for a few minutes 
and then allowed to stand on a hot bath till the precipitate had settled and the 
solution was clear and colourless. The filtered precipitate, washed free from acid 
with boiling water, was dissolved in N NaOH. The ammonia was not boiled 
off, and the NaOH was titratc^d with 0-5 N HCl. With phenolphthalein as 
indicator it was found that 1 ml, of 0*5 N NaOH was equivalent to 0*675 mg. P. 
This method gave an accuracy of ± 1 % . 

The second method used was the colorimetric one of Fiske and Subbarow 
( 1 925]. The acidity of the trichloroacetic acid solutions was not found to interfere 
in this (vstimation, and in only one case did opalescence occur on the addition of 
ammonium molybdate. This method was used for the estimation of 0*04 to 
2 mg. of P. The forms of pho.sphate estimated by these methods included the 
inorganic phos])hate and any labile organic phosphate. Total phosphate in the 
trichloroacu'tic acid extract was estimatc‘d by the me^thod described by Baldwin 
and Needham [1933]. For the colorimetric method, an accuracy of ± 1% was 
found in 80 of a large series of estimations on standard phosphates. The 
remaining 20^J^o error not exceeding ±2%. 

I'he possible presence of phosphorus w*hich wa.s not extractable by cold 
trichloroacetic acid, but which would give phosphate on ashing, was tested by 
drying and ashing the wa.shed residue from six samples after the trichloroacetic 
acid (‘xtraction had taken place. Dry ashing was done in the presence of sodium 
carbonate* to prevent loss of phosphate. The subseqtient estimation of phos- 
phorus was done by the modiheation of their method suggested by Fiske and 
Subbarow [1925] for use. in the presence of silica, since some silica was always 
])iekcd up from the crucible. The six samples tested varied in weight from 
0-2 to 0*5 g. and contairred from 12 to 50 mg. of phosphorus. They included all the 
bone tissues, denscs and cancellous bone, calcified and un calcified cartilage and 
marrow. Jn only one of the six samples was as much as 0*6% of the original 
phosphorus left. This setmu^d to preclude the possibility of the x^resence in bone 
of a form of phosj^horus not extractable by acid. 

Sampling. A whole bone is often too large for analysis and half a bone may 
be unrepresentative, e.g. the upper half of a femur contained 14*4% and the 
lower half 10*4 % of Ca. A whole bone, ground up m a coffee-mill, gave a x)owder 
which was not homogeneous. Moreover, if the wdiole bone is used for analysis 
differences in the individual tissues are overlooked ; and the only information 
gained is the proportion of the whole structure which is calcified. Therefore, in 
order to follow the actual chemical changes which occur as bone is laid dowm, the 
following tissues have been examined sex>arately; cartilage, calcified cartilage, 
cancellous bone, dense bone surrounding it, bone from the middle of the shaft 
and marrow. It is essential to use the whole of the cancellous bone, shm^e it is 
not homogeneous in structure and composition, and different jmrts vary in 
degree of ossification by as much as 50 % . When the quantity is inconveniently 
large, it is x)ossible to make a representative mixture by grinding the tissue in a 
mortar. Cancellous bone may vary in quantity and composition under different 
conditions, so that it is necessary to know how far the specimens, removed by 
hacking them out with a penknhfe, are representative in either resxKJCt. Corre- 
sponding bones from the same animal were oomxiared. Of samples from 14 pairs 
of small bones (diaphy8is<6 cm.) 5 differed in weight by 0-10% , 5 by 10-20% 
and 4 by 20-30 % , A difference in weight of less than 30 % could not therefore 
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be considered certainly significant. Two kid’s femora, 12 cm. long, from which 
the epiphyses were not removed, were cut down the middle and the knee can- 
cellous scraped out. Its weight in the two bones dilTered by 17 % . In the same 
14 samples, the CO 2 values of 9 pairs differed by of 4 by 5-10% and of 1 
by 10*5%. A difference of over 10% in the carbon dioxide wouUl tlierefore 
probably be significant. 

For purposes of direct comparison with tJu^ al)o\'o analytical nu'thods, those 
used by Shear and Kramer [1928, 1 1 and by Morgulis [1931 J were also tried. 

A sample of powder from an adult bone shaf t was anal^^sed as above, while a 
second sample was extracted with hydroeliloric acid and examined as by Shear 
and Kramer, except that the ammonium molybdate precipitate was centrifuged 
off instead of being removed by filtration. The calcium figures for the two 
samplers were 24-38 and 24*42 whilst the phosphorus figures were 11-53 and 
11*48% respectively. In the centrifuged solution, a faint f)rccipitate appeared 
during the development of the blue colour. Tlu^ndbre in the next sample, a fairly 
well calcified epiphysis, the ammonium molybdate ])r('cipitate w^as filtered off 
through ash-free filter-paj)er. In this sample, the total P estimatcul b\' Baldw^in 
and Needham’s method on the hydrochloric acid extract w^as whilst the 

inorganic P as estimated by Shear and Kramer s method was only 4‘3<i‘'o. 
Large numbers of analyses have shown that in such boru' tlie inorganic P detcr- 
miiu>d b}^ our method does not differ from tin* total P by rnorc^ than 3 */„ . In 
this sample therefore^ the % P as giv'en by Shear and Kramer's method was low. 

Two samples of fmtal epiphyses of apy)r()ximatcly tlK‘ same agt* wert'. twamined 
by the two methods respectively. By the triehloroaeef ic rnethofl f he first sarnyde? 
was found to contain Ca 0-51 : inorganic* P 0-3f)“o , total P 0*52 . ((’artilage 

has been found to contain a certain amount of non -inorganic phosy>horus.) The 
othe^r sample extracted witli hot hydrochloric acid contained (’a <)*f>4 : tofal 
P 0*80% and inorganic P, 0*19, 0*22 and 0*28 according to fhc dilution of flic 
solution in which the ammonium molybdate |)rf*ciy)itation was carried out. 
Clearly the protein precipitate had carried down varying (piantities of y)hosphat<‘. 
In a further sample with total phosphate l*45^‘o » Kramer's method gave only 
0*45 and 0*95% P according to dilution. The caiK cllous bom* from a femur of a 
rabbit suffering from bone deformities was analyscvl l)y our method and gave 
Ca/P 2*18: residual Ca/P 1*78. The cancellous bone from the otlier fernnr was 
examined by Shear and Kramer's method. The total P w^as 3* 14^* and the^ total 
Oa/P 2*20, residual Ca/P being 1*80, but by Shear and Kramer’s met liod the P 
was only 2*33%, the C-a/P was 2*90 and the residual Ca, P was 2*43. A further 
0*33% of P was found by washing filtor-yjapers from four estimations free from 
soluble phosphate, igniting the tilt;er payjers and estimating the y)hosphorus in 
the ash. A considerable amount of the y>rotein y)reeipitate was washed through 
the filter-paper, and some phosphorus may have been lost in ignition, as sodium 
carbonate was not used, but the protein precipitate had obviously carriwl down 
appreciable amounts of phosphate |c/. Fiske and Subbarow, 1925 ; (loldblatt, 
1935j. The method which involves filtering off the ammonium molybdate 
precipitate is therefore sativsfactory for highly calcified bone in which little 
protein passes into solution but is increasingly unsatisfactory as the ratio of 
protein to phosphate in the solution increastis, since more and more phosphate is 
carried down with the protein precipitate and the Ca/P ratio becomes corre- 
spondingly too high. 

The method used by Morgulis consisted of removing the organic matter of the 
bone by heating it with 3% KOH in glycerol. The bone ash was left as a white 
salt which was washed with water and alcohol to remove the alkaline reagent. 



MINERAL CONSTITUENTS OP BONE 


2389 


Analyses for calcium, carbonate and phosphate were then made on the dry ash. 
This method was applied to a salt supplied as “pure calcium phosphate precipi- 
tated by ammonia'’ and to samples of different bones. In order that the results 
obtained by the two methods might be compared, it was necessary that they 
should be applied to ground and mixed samples. Neither powdered calcium 
phosphate nor thi^ ash left aftcu* leaching out bone powd(T with the alkaline 
glycerol (*ould bo picked out of the reagent as describfid by Morgulis for pieces of 
bone. 8o the glycerol was decanted off into a beaker, and to it w^ere added the 
water an^l alcohol washings from the salt. Tlie glycerol and wash-waters were 
filtered tlirough asli-frce filter-paper, on which the washed salt was collected, as 
it was desired to deterrnin<‘. the total calcium, ]>hosphate and carbonate in the 
salt and not only the ratio. (If the alkaline glycerol was descanted directl}^ on to 
the tilter-pafX-T, filtration took many da\s.) 

I’he glycerol filtrate and washings were made just aeifl to ]^henolphthalein 
with hydrochh^ric acid, dried and ignitc^d gently to a black ash in a silica dish. 
On this ash total phosphate and calcium were estimated, allow'anee being made 
for the probable prestuice of silica. Blank estimations on the reagent similarly 
h<’a ted in the silica dish gav^c only minute traces of calcium or phosphate 
( <0-1 mg.). Before this method was applied to the ‘ precipitated calcium phos- 
jihate” the latter was examinetl directly to determine the salt present, (-on- 
siderahk* discussion has taken plaeo previously, review^ed by Shear and Kramer 
( 1.928, 2 1, as to whether the salt precipitated by alkali from a solution containing 
cni(‘ium and phospliate is a s[)ecitie eomj)ound, the tertiary salt, in equilibrium 
wdth th«‘ solution, whether it is a mixture of lime and secondary phosx>hate, with 
the lattiT in equilibrium with the solution, whether the sec‘ondary phosjdiate 
first formed aubso(iuently n^acts with the solution round it to give the tertiary 
salt, or whether in bud tiu? tertiary salt is an actual chemical entity. Roseberry 
ct id, [1931 1 havt‘ ]>ro(luced X-ray evidence that the tertiary salt can exist as a 
memb(‘r of the apatite series but it is not clear from their work whether the 
8ami)les they examined w ere f)rtq>ared by simple ja’ceipitation. Four samples of 
the pnK*ipitat(Kl salt w^(‘re examini‘d by the above method in simple acid solution. 
They contained respectively 33*0, F IS-O; Ca 34-4. P 18-8; Ca 34-8, P 18-9; 
Ca 34^2, P lS-8^^oi niean ('a/4* L82. All the samples contained (XJg and 

trades of magnesium and (ddoridc^. Tiiey were fret^. from ammonia and only lost 
9*5 to 1 % of moisture wiien luxated at l(K)' for 4 iiours, but lost 6-~S% of their 
weight when heated in the blast furnace, total (uileium and phosphate being 
unchanged. The heated salt (jont ained 72*9% of its phosphate as orthophosphate 
and 21*1% as p>Tophosphate. Tliis suggested that 27- 1 % of the phosphate in 
the original salt was present as secondary jhosphate but did not prove the chemi- 
cal composition of the original mixture. Equal weights of secondary phosphate 
and lime, of di-aeid phosphate and lime and of secondary phosphate and calcium 
carbonate were mixed intimately and samples heated gently and strongly, the 
products being examined for total and orthophosphate. In every mixture, 
strong heating produced salts containing more than (K)% of the phosphate in 
the ortho-form, whilst gentle heat produced only 30-40 in that form. The di- 
acid salt gave some extremely insoluble metaphosphate and a mixture of pyro- 
and ortho-salts. These results could only be explained on the assumption that 
the pyro- or meta-salts first formed reacted on further heating with lime to give 
tertiary calcium phosphate, and that lime from calcium mrbonate could be used 
for this purpose. 


-f Ca(0H),« Ca 3 (PO,)a + H,0 (1). 
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This is in agreement with the X-ray evidence of Roseberry etal, [1931 ] that this 
salt is a real chemical entity, but it does not prove that this salt is precipitated by 
alkali from solutions containing calcium and phosphate. An attempt to study 
the question as to whether tricalcium phospliate exists as such in the precipitate 
produced by alkali from a solution containing calcium and phosphate, and 
therefore possibly in bone at some stage of ossification, was made by studying the 
effect of gentle heat on such precipitates and on mixtures of lime and secondary 
phosphate. For this purpose the following were used: (1) secondary calcium 
phosphate; (2) a commercial precipitated calcium phosphate; (3) a mixture of 
equal weights of lime and secondary phosphate ; (4) an air-dried Ireslily prepared 
calcium phosphate (Ca/P 1*88) precipitated from a solution just alkaline to 
phenol red ; (5) a freshly prepared secondary calcium phosphate (Ca/P 1 -44) made 
by precipitating calcium phosphate from a solution acid to methyl red and 
drying between filter-papers; (6) the secondary calcium phosphate from (o) 
dried in the air overnight on a glass plate; (7) a mixture of the secondary 
phosphate (5) with lime (Ca/P 5*3) ; (8) this mixture dried ov^emiglit on a glass 
plate. 0-2 g. of each of these substances was heated over a low burner regulated 
so that secondary phosphate was converted into pyrophosphate in 1 min. When 
0’2 g. of the mixtures was heated on this burner for varying times, varying 
proportions of ortho- and pyro-salts were found. 

From the results of these experiments the following facts may be deduced : 

(а) The brief heating over the low flame sufficed to convert 99 % of the dry' 
secondary phosphate (CaHPO^) into pyrophosphate. Heating the air-dried 
secondary calcium phosphate converted 97% of the phosphate into pyro- 
phosphate. This air-dried compound contained 39 % water. (Here, as in all the 
water contents of these mixtures, the water was measured by the loss of w eight 
on ignition to constant weight, and includes adherent moisture, water of crystal- 
lisation and the water lost from the molecule in converting secondary phosphate 
into pyrophosphate.) The Ca/P ratio was 1-44. This would be compatible with the 
presence of about 95% of the crystalline CaHP04, 2H2O and 5% Ca(OH)2, or 
of a mixture of 79-2 % of CaHPO^ , 2H2O and 20*8 % Ca3(P04)2 with about 23 % of 
the phosphate in the condition in which it would not be converted into pyro- 
phosphate by heat. The precipitate from the phosphate solution made just acid 
to methyl red was therefore mainly the secondary salt mixed with small 
quantities of lime. 

(б) In a mixture of equal weights of lime and secondary phosphate free from 
water of crystallisation (water content of mixture 10%), 12% of the phosphate 
was found as orthophosphate after 1 minute’s lieating, and 23*6% after 30 min. 
Since 99 % of this phosphate heated alone was converted into pyrophosphate in 
1 min., the orthophosphate found after heating the mixture I min. would not 
probably be unchanged secondary phosphate. However, the relatively rapid 
production of tertiary orthophosphate in the first minute and the slow subseciuent 
production suggest two reactions. In the first stage while water is present, the 
process is practically one of heating a strong solution of lime and secondary 
phosphate, when presumably the reaction 

Ca(OH)2 + 2CaHPO^ = Ca2(P04)2 i H^O (2) 

occurs. Later, when all the phospha^ has been changed into tertiary ortho- 
phosphate or into pyrophosphate, the slow reaction (1) (p. 2389) produces further 
orthophosphate. 

(c) After being heated 1 min., calcium phosphate precipitated from an 
alkaline solution showed in one case 60*9 and in the other 79*3% of the total 
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phosphate as orthophosphate. Further heating for 30 min. only increased the 
proportion to 66*4 and 87*4% respectively although ignition in the blast furnace 
brought the figures up to S2-5 and 94*0% . The figures of 00*9 and 79*3% may 
be compared with the 12*0% of orthophosphate produced by heating a known 
mixture of lime and sticondary phosphate for one minute. The precipitated 
calcium phosphate contained 7 and 15% of water respectively, so that whilst 
some, of the 00-9 and 79*3% of the orthophosphate might be produced by 
heating the wet salt by the rapid reaction (2), it does not seem probable tliat this 
could account for the produ(*tion of 60% of tertiary phosphate in a mixture of 
water content 7 % , whilst only producing 12% of orthophosphate in a mixture of 
water content 10^;{, , It seems therefore improbable that the precipitated salt 
(consists merely of a mixture of lime and Bceondary phosjiuite, but seems much 
more probable that from 50 to 70% of the phospliate found as orthophosphate 
after 1 minute's heating was in the form of tricalcium phosphate before the 
heating began. This is also supporitd by the water content of the mixtures. 
Lime, Ca(OH). 2 , contains 23^';, of water tiven when free from adherent moisture, 
whilst crystalline s(‘condary phosjihate gives up on heating 26*1 % of water. It is 
diflicult to see how any mixture of these, dried at a temperature not exctvding 
15 ', (!ould giv(' a mixture of water content 15^;,. 

It was not possible by this method to determine whether the tertiary phos- 
phate was formed in contact with the solution or in tlie process of drying, since 
l^^ating H(‘C()udary phos[)hate with excess of wet lime caused such rapid forma- 
ticjii of the tertiary salt. The mixture of lime and wet se(5ondary phosphate, 
thoroughly ground together and air-dried, showe<l however a water content of 
only 17-5^!^, , from wLich it scHumd jirohable that these salts in the presence of 
moisture liad react^ni to form some tricaleium phospliate. It was therefore fairly 
(‘(jrtain from these studies that the precipitated calcium phosphate to Ix^ 
examined by Morgulis’s mcthorl wm a mixture of tricalcium phosphate, secondary 
calcium phosphate and lime. 

Samples of this precipitattnl calcium phosphate wore treated with the 
alkaline glycerol, and the salt and extract were analysed as already described. 
Table I shows the results. In Exp. 3. part of the salt was not used for analysis, 
but was again treated with the glycerol reagent. Ignited salts were also sub- 



Table 1. OajP of initial salt P82, 

Cft of 
extract 

. CO„ 0-22OU. 

vSuluble P 

1' of in extract 

extract as 

in 

dual 

Residual 
Ca/P in 

Kxp. 

Sample (g.) 

Treatment 

mg. 

mg. 

t.otal P 

salt {^ ^^) 

final salt 

1 

- 

Alkaline glycerol 

0*30 

14*3 


0*63 

1*00 

2 

0-i)90 

„ 

7*0 

21*0 

9*5 

0*00 

1*99 

3 

1012 


2*5 

25*8 

13*0 

0*55 

2*08 

4 

0*305 of salt from 
Kxp. 3 

•> 

0*30 

M 

1*4 

0*07 

2*11 

5 

0*598 of ignited Halt 


0*5 

0*5 

0*3 

0*22 

1*82 

0 

0*002 

Boiling water 

4*37 

0*4 

5*8 

— 

— 

5 a 

Salt from above 

Hot aqueous alkali 


10*4 

9*4 

0*09 

2*07 

7 

0*989 

4 successive quan- 
tities of cold alkali 

0*08 

14*0 

8*0 

0*40 

1*98 

S 

0*559 of ignited salt 

2 Buocessiv© lots of 
hot aqueous alkali 

— 

0*8 

0*7 

0*22 

1*79 

5 

0-305 of C»HPO. HotaqueouiO-Sitf 
{C»/P =1-26) NaOH for 10 min. 

Biochem. 1935 xxn 


26-0 

a37*7 

152 

2*02 


152 
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initted to the treatment. Further samples were treated with hot or cold aqueous 
alkali, and salt and solution were analysed. A sample of salt containing 96% 
secondary calcium phosphate and 4 % di-acid calcium phosphate was also heated 
with 0*5 N aqueous NaOH. 

It may be seen that after the salt had been strongly heated, treatment with 
either aqueous alkali or alkaline glycerol extracted little phosphorus and left th(‘ 
COg content unchanged, and the ratio Ca/P for the tinal salt was very close to that 
for the initial salt. Where however the imheated salt was used, varying quantities 
of phosphate were removed in the <‘xtract, and the ratio Ca/P for the tinal salt 
always exceeded 1*94, that for tertiary phosphate. (Small quantities of the salt 
were occasionally washed through the tilter-papers ; when this did not hapixm 
the calcium of the alkaline extract was negligible. To avoid the tedious re- 
filtering of these solutions, this calcium was assumed to be present in the form 
of the salt on the filter, and the amount of phosphate combined in this form was 
subtracted from the total phosphate in the extract to determine the amount 
present in the soluble form.) 

If it be assumed that in the presence of hot alkali the salts of the mixture 
react according to the equations (2) (p. 2399) and 

3CaHP04 + 2KOH - Ca3(P04)2 -f K 2 HPO 4 + 2 H^O , 

then it would be expected that the resultant salt would be tricalcium phosphate, 
while one-third of the phosphate of that portion of the secondary salt which 
could not combine with lime would be found in the extract. A mixture of 84 
tertiary calcium phosphate and 16% secondary calcium phosphate would hav<^ 
a Ca/P ratio of 1-82, and the phosphate of the secondary salt would he 17*95 ^*n 
of the total. It might therefore be exjjected that 5*95 total phosphorus 

would appear in the extract. Actually the phosphate in the extract always 
exceeded this and the Ca/P of the final salt indicated the presence in it of lime*. 
This lime might be producexl by the hydrolysis of either the tertiary or st^coiidary 
salt, but its presence seems to be independent of the presence* «>f lime in the* 
original salt, since it was found when secondary calcium phosphate, free from 
lime, was treated with hot alkali. It would seem also more probable that it is the 
secondary salt which reacts in this way with the alkali, since the mixture of 
tertiary phosphate and pyrophosphate (Exps. 5 and 8 ) prcKluced by ignition, and 
the mixture of tertiary phosphate and lime produ(;ed by treatment with alkalim' 
glyc^irol (Exp. 6 ), reacted negligibly with the further alkaline treatment. 

These experiments indicate very clearly that the c(>m]>osition of the salt 
produced by this treatment may differ very markedly from that of the original 
salt, although the method may be applied to fihosphates known to be the tertiary 
phosphate or pyrophosphate. It would seem to be generally inapplicable to 
mixtures of unknown composition wiiich might contain secondary or similar 
phosphates. Moreover, in these exiTeriments some carbon dioxide was picked up 
by the salt. 

Various samples of bone were examined directly and after leaching with 
alkaline glycerol. Table II shows the results, the figunis marked E l)eing secun^l 
by direct analysis, those marked M being the figures for analysis of the salt 
produced by the leaching out pocess. The carbonate is expresstMl as the per- 
centage of the total calcium with which it could combine. In ten out of the 
fourteen bone samples used, the carbonate content of the salt as prepared by 
leaching out was from 15 to 25% higher than w^as indicated by the dirt?ct deter- 
mination. Bones 11 to 14 were not ground up before analysis and could be lifted 
out of the solution and washed whole as described by Morgulis, only the traces 
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Table II. 


Bone 

CO, as%Ca, 

CO, as % Ca. if 

P lost in extract (%) 
Residual Ca/P M 
Residual Ca/P M (JorrecU'd 
for CO, picked up 
Residua! Ca/F E 
Residual Ca/I* M corrected 
for CO, picked up and P lost 


I 2 
130 130 
151 150 

20 31 
1*90 1-89 
1'95 1-94 

1*88 MMJ 
1-91 1-87 


3 4 

13*4 12(> 
15-2 12-7 

31 4*7 

1-88 2-03 
1-92 2 03 

187 l‘H7 

188 1*90 


5 0 

11-5 110 
13*0 144 

40 5-4 

1*93 1*92 
1*98 1*98 

1*89 1-88 
1*90 1-80 


7 8 

11 3 10*3 
13*9 10*9 

3*8 «*8 

1*92 1-95 
1*99 1-97 

1*89 1-87 
1-91 1*84 


9 10 

10*8 8*4 

14*0 10*2 

8*8 ft*0 
1*95 1*89 
2 02 1-94 


1*80 1*83 


U 12 

— 9*5* 
12-0* 9-4 

1-4 5-8 

1-96 1-99 
1-90 1-99 


1-94 1-88 


13 14* 

10 0* 9-8* 
9-0 10*0 

4*9 4*3 

1*89 1*88 
1*89 1*88 


1*79 1*80 


* 8alt pickiMl out of Holutioii and washed whole. 


falling into the solution being washed on to the filter-paper. Exact duplicates 
of th(} samples could not be secured, but similar parts of bones from the same 
animal were examined directly and the carbon dioxide contents agreed as closely 
as for two estimations made on such material by the direct method. No duplicate 
for bone 1 1 was available, but its carbon dioxide content was not high for the age 
of the old cat from wdiich it was taken. These? results seemed to indicate that the 
extra carbon dioxide was picked up by the salt during the exposure to air 
ncofjssitat<*d by the very slow pnjcess of collecting the salt on the filter-paper. If 
the alkaline glycerol had reacted with the bone phosphate as with the mixture of 
phosphates to give some free linu', this lime exposed M’hen moist to a slow filtra- 
tion would pick up carbon dioxide. The true residual Ca 'P ratio for the leached 
out salt is therefore shown in Table II in the Ca/P M, corrected for COj|. This 
residual Ca P is dedm^ed by using the CO 2 exmtent of the salt as found by direct 
analysis and indicates more accurately the amount of lime produced by the 
alkaline treatment . If this oorreet^Mi n^sidual Ca. P is compared with the residual 
C -a/ P found by direct analysis, it is iH*en to be in every case higher than the latter, 
although in lw)ne8 2 and 3 the difTerence is not outside the ex{K?rimental error. 
When the residual Ca/P of the salt is (corrected for the ])hosphate lost in the 
extract eh well as for the COj pickeil up, the resulting figures are found to lie 
within the experiment;al error of the figun^s found by direct examination and are 
not all ranged on one side of thesi' figures; of the eight samples completely 
exaniinwl by Imth methods, five are slightly above and three slightly l>elow the 
figures for direct analysis. Samples 1-4 and 12 were from the bones of tw’o old 
eats and samples 5-8 from a young adult c^at. Samples 9, 10, 11, 13 and 14 wwe 
from the bones of young rapidly-growing kittens. The figures for the dense bones 
of the old animals, samples 1, 2, 3 and 12, wmld indicate empirically that the 
leaching out method leaves a salt which can safely l>e used as a sample of the 
horn salt, but the figures for the caiicxjUaus Imne of an old animal (sample 4), and 
all the bones of the younger animals, indicjvted that enough phosphate may be 
lost in the extract appn?ciably to affect the Ca/P ratio. Examination of further 
six samples of hone treated with aqueous or glycerol alkali, showed the removal 
of 2 to 10% (average 7%) of the phosphate m the alkaline extract. MorguUs 
tested the leaching out method on a salt of Ca/P ratio 1-92 and on a bone for 
which his figures indicate a residual Ca/P ratio of 1*93 by direct analysis and 
L90 by analysis of the leached out salt. For these salts, the method would give 
results closefy similar to those by direct analysis, but samples 4 to 11, 13 and 14 
indicate that bone salt may not ^ways have this highly specific composition, 
and that the method is not therefore generally applicable, the residual Gt/P thus 
found being frequmtiiy appredably too high. 


162—2 
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The actual value of the residual Ca/P ratio in indicating the probable com- 
position of bone salts may be questioned. The ratio is derived from three separate 
estimations — for calcium, phosphate and carbon dioxide, the range of error of 
which is such that a certain proportion of the figures for the Ca/P ratio must have 
an error of ±4%. Thus a figure which ought to be 1*88 might be 1*90 or 1*80, 
but a residual Ca/P ratio of 1-88 w ould indicate the presence of about 10 % of the 
calcium as secondary phosph ate, w^hilst a ratio of 1 -80 would mean that more than 
20% of the calcium was in this form. Individual figures have therefore little 
value in indicating the form of combination of the calcium and phosphate. In a 
total of 18 samples done in duplicate, only 1 pair differed by as much as 2*5%. 
The eight samples shown in Table JJ have values for residual Ca/P by both 
methods which agree within w’lu*n the necessary corrections for CO-j* 

picked up and phosphat(*, lost in the extract are made. The average of a large 
number of estimations will therefore give some information as to the composition 
of bone salt. There is, aecording to Kramer and Howland ( 1 926], Hammett f 1 925 ] 
and Morguhs [1931], and from certain figures s(*cijrcd in the course of this work, 
an amount of magnesium in bone salt equivalent to about 1 ~3% of the calcium. I f 
this magnesium is ignored in the calculation as hero and in the j>aixTs of Shear 
and Kramer [1928, 1, 2]and Morgulisl 1931 J, and if this niagnesiumisentirely com- 
bined with phosphate, a residual Ca/P of 1-88 to 1*92 would be compatible with 
the presence of all the calcium as the tertiary phosf>hate. On the other hand, if 
all the magnesium is pres(*nt as carbonate, a residual (^a P as low as 1*94 would 
not preclude the possibles pntsence of small (|uantitieH of lime. I'he mean n'sidual 
Ca/P ratio of 270 samples of hone from eats, dogs, rabbits, goats and sheep of 
varying ages was 1*85. This figure was also the mod(‘. Tabh^ III shows how these 
figures were distributed tlirough the total range of 1*08 to 1*97. 

Tabl<‘ III. 

RpmduaKVP <1-70 l-7n-I-80 1-84 1*88 1*88- i 1)2 M*2 l UO ^mMd»7 

of warn pips 4*1 H-8 i!l*2 7*ti n-8 

The range of 1*88 to 1*92 for the residual Ca/P, w4iich in the pr<\H(»nee of the 
magnesium would indicate that all the calcium j)ho8phale was t(*rtiary, W7is found 
in 22*2% of the cases. This range was exceeded in 8*1 of the samples, but 
69*2% of the figures fell below it. This seems to indicate the probabh^ existence 
in some samples of bon<^ of small quantitie.s of a phosphaU^ other than tertiary 
calcium phosphaU^ in the form of aj)atitc, but, in view of the diflicultie.s already 
discussed in tht^ accurate determination of t he residual Ca/'P, it would seem tljat 
the (^xistence of such a phosphaU^ could only be regfirded as proved if this 
phosphate were actually separated. 

An attempt to study the question by igniting 14 samples of bone and examin- 
ing the ash for pyrophosphate led to inconclusive results. In only two samples 
did the total phosphate (exceed the orthophosphate by more than 3%) * aJf^d these 
figures, 4*5 and 4*7 'X), were of doubtful 8ign!f]canc<\ Since, however, precipitated 
calcium phosphate containing at least 20% secondary phosphate, when mixed 
with (/aCOg iji the proportions of bone and heated as strongly as is necessary to 
ignite bonc), only showed 0*3 to 4 % p^Tophosphate, the failure to find appreciable 
amounts of pyrophosphate in the ash resulting from the ignited bone must be 
regarckd as inconclusive evidence as to the presence of secondary phosphate in 
the original bone salt. Attempts are being made to discover the degree of heat- 
ing which will convert secondary phosphate into pyrophosphate in the presence 
of organic material, whilst causing the minimum production of tertiary phosphate 
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from the carbonate and the pyrophosphate. It is not impossible that some of the 
phosphate contained in bone is combined with alkali metals. Thref? kitten bones 
contained 0* 18 to 0*22 % of potassium on the wet bone, equivalent to about 0*6 % 
of the salt. No analyses for sodium were rua<ie. Compounds of phosphate with 
organic substances are also possible, although if present they must be labile to 
heat or acid. 

The variation in the composition of bone salt with age, species and diet is 
being investigated in greater detail. 

SrMMAKY. 

1. ('hemical evidence is a<lduced to support the view that the? phosphate 
produee?d when cah‘itim phosphab^ is precipitat<?d from an alkaline solution and 
allowed to reach eqiiilihriuni with the solution actually contains triealcium 
phosphate as w<dl as lime and secondary phosphate. 

2. Analysis of bone phosjihate by a method which involves filtering off the 
pn?cipitate ju'odueed by ammonium molybdate gives results which are too low. 
Th<' resulting Ca P ratio is therefore too high. 

3. The salt [iroduced by luxating bone* mth alkaline glycerol is not accurately 
representative of the original bone salt. In all (;ases some ])hosphate is lost in the 
extract, though this amount may in some eases lx* extremely small. 

4 . Analysis of salt mixt ures .shows that t he leaching out method is applicable 
to tiTtiary t^alciuin phosphate* or ealcium pyrophosphate but not to se(‘ondary 
salts or mixt tires containing these. 

5. Methods are (h‘S(Til>cd for the analysis of the ealcium aud ]>hosphate of 

bone with an average accuracy of ±1*5%, and of tlx* carbonate with an 
Hcs?uraey of ± . 

i\. In 270 analyses td’ bone, 7(b\‘, of the figures for calcium, carbonate and 
j)bosj)hate were .snoh as to in<licate the probable presence in bone of a phosphate 
not t(*rtiary calcium or magnesium phosphate. 

The ex|K?n8t?s ineurnMl in this work were defrayed by a grant to Prof. Burns 
from the Medical ReHear<*li (V)um*il for which we express our thanks. 
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In most of the studies made in recent years on the effects of dyes on the 
respiration and glycolysis of tissues, very low concentrations of dyes have been 
used. Using a relatively high concentration of 2:fi-dichlorop]ienolindophenol, 
1*3 X 10”® Jf, Elliott [1934] found a peculiar difference between the behaviours 
of tumour and kidney tissues. The respiration of kidney tissue was always found 
to be almost completely inhibited by the dye; the respiration of tumour tissue 
in the absence of glucose was also completely inhibited, but, when glucose was 
present, tumour tissue continued to respire. It was of interest, thc^refore, to see 
whether this difference of behaviour in the presence and absence of glucose was 
a unique property of tumour tis-suc, and wdiether the behaviour with 2:6* 
dichlorophenolindophenol was a property shared by other reversible oxidation- 
reduction systems. Both these questions are answered in the affirmative, and 
various other points of interest are brought out in the following paper. 

Experimental, 

The metabolism of thin slices of various tissues w'as studied in the presence 
and absence of dyes in the apparatiw of Dixon and Keilin [1933], following the 
details of technique described by Elliott and Schiwder [1934]. The bicarbonate- 
containing medium of Krebs [1932] was used, and when glucose was added, 
this was made up to a concentration of 0-24%. 

2 : 6-Dichlorophmolinflophe/nol. 

A stock l-3x lO-^J/ solution of the dye was made up in glu<w-free Krel)B 
medium and standardised by titration against ascorbic acid by the method of 
Birch et al. [1933j, For experiments with glucose present, the necessary amount 
of a strong glucose solution was added to a portion of the dye solution shortly 
before use. Stock solutions containing the dye and glucose slowly lose bicar- 
bonate; it is probable that the dye catalyses an oxidative breakdown of glucose 
with the formation of acid products. 

In a concentration of l*3x 10”®.M, 2:6-dichlorophenolmdoph6nol produced 
80^100% inhibition of respiration, whether glucose was jiresent or not, with 
all the following tissues: rabbit and rat kidney cortex, rabbit and rat’ brain 
cortex, rat testis, rat retina and 4.day chick embryo. Witli rat liver, the inhibi- 
tion varied between 30 and 89%, the mean being 56%, and in every eaae the 
R.Q. of the residual respiration was lowered, the mean effect being a drop in 
R.Q. from 0-95 to 0*60 (averages of 20 experiments). The presence or absence 

( 2396 ) 



EFFECT OF REDOX DYES ON METABOLISM 2B97 

of gluoQse caused no difference in the effects with liver, the average values for 
10 experiments under each condition being the same. Tumour tissue (Phila- 
delphia No. 1 sarcoma [Waldschmidt-Leitz, McDonald el at., 1933] and Walker 
No, 256 carcinoma) alone showed a difference in the effect of the dye depemding 
on the presence of glucose. In the absence of glucose, tlie respiration was always 
inhibit^ about 90 % whilst with glucose present there was only a small, variable 
inhibition of resfuration and glycolysis. The r.q. was always lowered from about 
0’86 to about 0*70 (averages of 7 experiments). Experiments showed that even 
in the presence of glucose, the dye at this concentration produced a progressive 
inhibition of the metabolism of tumour 8ii<^eH. In the first 20 min. there may 
have been acceleration, but afU^r 45 min. there was veiy considerable inhibition. 
With tumour in the absence of glucose, and with other tissues with or without 
glucose, the inhibition must have set in almost immediattdy. 

Other oxidation^reduction dye^ in high concentration. 

The (lyt^s used for these expcu’iments were the products of varioxis firms^ 
and, with th(* exception of pnine, were not 8j:>ecially purified. Prune was purified 
by the salting-out method of Melville and Richardson [1934]. Since the initial 
experiments with 2:(i-dich!orophoiiolmdophenol were made at a concentration 
of 1*3 X 10' ^J/, roughly thi.s <‘oncent ration was tmed for all the dyes. Usually 
a solution or stispension of 12 times this strength was prepartni in Krebs medium, 
and 0*25 ml. was pipetted into 2*75 ml. of medium in the manometer vessels. 
In niany c‘um(*s, the <ly<‘8 were not very soluble, or, as with Bindschedler's green 
and cn^syl violet, they preeipitat<‘d out in strong solution in the bicarbonate- 
containing medium. In su<‘h east's, the dye was a<ided as a fine suspension, 
which usually heearm* clear on dilution and at 37 \ In nearly all cases, the 
tissue .slices ab.sorlK*d the dy(' so that they l>ecame more det'ply stained than 
the medium : it was thus impossible to say what was the effective comment ration 
of the dyes within the tissue. For experiments in the prt*vious section, the 
2:6-dichlorophenolindo[)honol solution wovS tvdjusted to 1*3 x after titra- 

tion with ascorbic acid. In prejmring solutions of this dye, much sparingly 
soluble material w'as removexl by filtration so that the solution used, being fairly 
pure, actually tnay have Ikhmi of a higher effective concentration than the 
unpurified suspt.‘n.sions or solutions of the other dyes used. The small inhibition 
of tumour respiration with glucase and of liver respiration mentioned in the 
previotia section seems to have l>oen determined by the higher dj’^e concentra- 
tion, and in the <^xperiment8 shown in this section where? one-third of this 
concentration is used, the n^sults are entirely similar to those obtained with 
the other dyes. 

^ The dyes iided were the prodiicti! of the followinj^ finnH; 

Bastiaau Kodak Company: 2:a*dibromophenolindo-m-broinophenol (sodium 2:0-dibromo- 
he]itenoiM> indo>2'-bromophenol): o-ohlorophenolindopbenol (sodium i>enzenone4ndO‘3'~ch]or(»- 
phenol); 2:0-dichlorophtviolmdopheiial (sodium 2;0*dichlorobcnzenonc*indophenol); 
o*oreiol (3 : S-dinitroo-cresol). 

Bntkh Drug Houses: Bindschodler*« green; Fa-tohiylenediamine-mdophonol (m tolylene- 
diamine-indopheuol ). 

taMotte: l*naphtbo!^2-su)fonatodndopheiioU indigotetraaulpbonate, K, indigodisulpbonate 
(ludlgi^carmma). 

Ooteian, Bell and Co.; Thionine. 

Oiba and Co.: Prune. 

jW^rok (Darmstadt) ; Metbylcme blue (chemioally pure, aiue obloride*free). 

National Aniline and Cbemieal Co.; Nile blue A, crosyl violet. 
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In Tables I-III the effects of the various dyes in a concentration of approxi- 
mately on tumour, brain, testis, retina, kidney and liver tissues in the 

presence and absence of glucose are shown. The dye solutions were always 
freshly prepared before use. The experimental period was in all cases one hour. 


Table I. Effects of dyes in approximately 10 M concentration 
on tJie metabolism of tumours. 





Cilucose pn*«ent 


Glucose 



— 





^ 

absent. 



K.Q. 

ElTeet on 

Effect 

Effect 



^ ^ 

-A 

aerobic 

on (>2 

on Oj 5 


AV at 7 >„ " 


\53th 

elyeolvsis 

uptake 

uptake 

T)ye 

volts 

Normal 

dye 


(> 

/ o 

O' 

o 

1 

. l^hiladelphia No. 1 rat san-onia. 



Ferrieyanidc 

+ 04,1t 

0-82 

0-90 

-10 

-13 

-^23 

Quinoac 

+ U 29 

0-89 

0-58 

0 

- 36 

-51 

2 : 6- l)i bnjinophenol - w/ - 

- 0-252}: 

0-8! 

0-73 

- 25 

" 51 

- 70 

bromo- i ndophenol 


0-<»0 

0-72 

- 10 

-40 


o-Cldorophenolindophenol 

+ 0-23;it 

0-9.3 

0-89 

r 15 

- 1 

* ,55 



(»-97 

0-87 

t38 

+ 22 

— 

Biiid«chedler’s green 

-1 (»-224t 

0-81 

0-79 

- 18 

-^44 

71 

2 : C>’i)ichlorophenoliiidophenol 

1* 0-2 17 

0-9.5 

0-87 

f H 

4 43 

73 

w -Tolu vlenediamine* 

-l-012.>t 

0-81 

0-79 

- 1 

-f 85 

- ,56 

indophenol 


0-t»7 

(^80 

4 

4 92 

— 

1 -Naphthol-2-8iilphonate- 

-f o i2:it 

0-93 

0-90 

- 3 

- 55 

- 59 

indophenol 


0-99 

0-93 

- 17 

.50 

- 69 

Thionine (hauth’H violet) 

-fOObt 

0-97 

0-79 

^ 69 

f 91 

-37 



0-97 

0-79 

+ 45 

T 8 i 


Ih*une 

-f o-(»5:i}i 

0-97 

071 

^ 31 

\ 51 

- 61 

Methylene blue 

. 0-01 It 

0*97 

0-73 

t 79 

. 63 

- 66 
!a‘> 

Cresyl violet 

-OH)?:; 

0-93 

0-88 

4 32 

.51 

— 

1 



0-99 

0-89 

1 44 

60 

-- i 

4 : ()-lJmitro-o-erc*sol 

— 

0-78 

0-93 

4 40 

- 27 

- 75 



0-77 

0-96 

+ 13 

-46 

-72 


2. Walker No. 256 c-ar(*inoma< 




-Toluylonediani ine- 

+ 0-125 

0-86 

0-81 

i 12 

^ 82 

-61 

indophenol 







MethyleiK* blue 

+ 0*011 

0-86 

0-73 

-h 67 

-r 45 

- 57 

Cresyl violet 

-0-167 

0-86 

0-83 

^11 

4 12 

-17 

* standardised and used at 

a concentration of 4-3 / 

10 

See text. 

t ('ohen [1933]. 

X Cohen et al. [1924J. 

§ Melville and Hiebardson [1934 

1* li 

urrnser [1930). 

The one effect that is 

common 

to all the dye.s tried with 

tumour 

is that 


when a dye is in the medium the l espiration is greater in the prisscuioe of glucose 
than in its absence, although normally the pre.sence of glucose has little effect 
on the oxygen uptake of tumours fset^ Elliott and Baker, 1935]. With the series 
from o-chlorophenolindophenol to cresyl violet this contrast is strong, since* 
all these dyes accelerate the respiration in the prestmee of glucose, and with 
the exc‘eption of cresyl violet which has the lowest inhibit the respiration 
in th(^ absence of glucose. There is often considerable variation between the 
results of similar ex{>eriments with slices from different tumours. Nevertheless, 
the qualitative effects of this series of dyes on the Og uptake are fairly uniforai. 
In th(*ir effects on glycolysis the results are very variable, but an incseased 
glycolysis is often observed, and this was consistently found with the thia> 9 sme 
and oxazinc dyes, namely, thionine, prune, methylene blue and cresyl violet. 
Elliott, Benoy ajid Baker fl935J noted some variation in glycolysis even between 
slices of the same tumour in normal conditions. The effects of the dyes on the 
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respiratory quotient in the presence of glucose are also variable but, in general, 
the E.Q. is lowered. The values for the r.q. in the absence of glucose are not 
given since the inhibition then occurring leaves the residual respiratory exchange 
too small for accurate measurement. 

Experiments with throe other dyes, K4 indigotetrasulphonatc (E^ ^ —0 04b), 
Kg indigodisulphonate (E^ = —0*125), and Nile blue A (E^' = - 0*122) were made, 
since their potentials fCohen, 1933] lie Ixitween those of methylene blue and 
cresyl violet. None of thosfi three substances, however, had any appreciable 
effect on tlie respiration or glycolysis in the presence or absence of glucose. The 
ineffectiveness of the two highly sulphonated indigo dyes is probably due to 
their failure to ptmetratt^ into the cells [Chambers ei al., 1931]. (It was noti(*ed 
that the tissues did not become noticeably stained in the pre.scnce of these dyes.) 
Although Nile blue f)enetrates well and stains the tis-sues, the (iolloidal nature 
of this dye perhaps prevents its access to the active centres reached by other 
dyes. 

ThcTc is an indication of a grading of the effects of the dyes on the respiration 
of tumour dcfxuidc^nt on their oxidation-reduction pot/(uitiaLs. Dyes more posi- 
tive than o-chlorophenolindophenol inhibit the respiration somewhat even in 
the preseiKH' of gluco.se; dyes in the main group accelerate* the respiration in 
the presfuice of glucose and inliibit it in its absence, and cresyl violet, at the 
negative cud of the s(*ries, acceh'rat^'s in the presence of glucose ])ut does not 
inhibit the respiration appreciably in the absence of glucose. 

Results of Friedheim [1934] with pyocyanine are in quite good agreement 
with those in Tables I and 11. Friedheim, using a 2x 10~^J/ solution of pyo- 
cyanine in liing(*r solution, found that there was a large iner('.ase in the re.spira- 
tion of various ttimours in the presen(*-e of glucose and very little effect in its 
abaen(!<\ and that the aerobic glycolysis was (considerably inhibited. In its effect 
on rt»«piration, tli(*n, pyocyanine behaves like c resyl violet towards tumour and 
this is in ac’oord with its low oxidation -reduction potential =— 0*035 ± ) 
[Michaelis c( aL, 1932]. In its inhibitor^'^ t»ffect on the glycolysis, it behaves 
differently from c^n^syl violet and the azine dyes. 

The inhibitory effect of the dyes on the respiration in the abscuici* of glucose 
apj)ears to l>e largely reversible*. An experiment with w-toluylenediamim^-indo- 
}>henol showcnl a 09% acceleration of respiration when glucose was present from 
thc^ start; when samples of tissia* from the same tumour were kept without 
glucose at 37"' in the presencH? of the dye for 6 min. and for 20 min., and then 
glucose add(‘d, tlu^ subseejuent respiration rates showed accelerations of 43 and 
30% respectively. A similar result was obtained in a corresponding experiment 
w'itb 1 -napbthol-2-8ulphonate-indophenol. 

Included in Tabh^ T an* results of experiments with 4:0-dinitro-o-cre*s(d, As 
with the other dyes, the respiration is greater in the presence of glucose tliari 
in its absence, How^ever, dinitroci'esol does not behave os an ordinary reversible 
dye [Grtn^ille and Stern, 1935], and it does not fall into any of the above groups. 
There is some inhibition of respiration, even with glucose, accompanied by 
increased glycolysis, and the r.q. is rait^xi, 

Tablc3 II shows the effects of various dyes at a concentration of 10 “'•'*3/ on 
the metabolism of brain, testis, retina and kidney. The most obvious effect is 
the large inhibition of the respiration of all these tissxies even in the presence 
of glucom\ These tissues, in fact, behave as does tumour tissue in the absence 
of glucose. With cw^yl violet there is in several cases little effect, and this 
result was also obtained witli tumour in the absence of gluwse. Friedheim [1934] 
found that pyocyanine, which, like cresyl violet, has a negative also had 
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Table II. Effects of dyes in approdmalely 10~-^ M concentraiion 
on the metabolism of various rat tissues. 





Glucose present 

Glucose 



r~ 


Effect 

afaeent. 





Effect 





on O, 

on 



, 


uptake 

uptake 

Tissue; 

Dye 

Normal With dye 

O' 

o 

0f 

/O 

Brain cortex 

Bindschedler’s greem 

1-9 

2-5 

-72 

— 


Methylene blue 

2«) 

2-8 

' 75 

— 


Crt'syi violent 

20 

7-2 

- 15 

— 


4 : (i-Dinitro-D-cn»8ol 

20 

1«‘9 

04 

-78 

Testis 

Bindftchedler’s green 

4-9 

0(» 

-72 

— 


Methylene blue 

04) 

9-4 

- 05 

— 


Cresyl violet 

4 9 

7-8 

- 38 




0*0 

71 

-51 

— > 


4 : 6-l>initro-f)-(*resol 

4-9 

14'0 

-04 

-40 



40 

12-2 

-04 

— 

Retina* 

Methylene blue 

:9»-o 

21 0 

- 85 

— 

Kidney 

2 :d-Dibromophenol wi-bromu 

0-0 

10 

- 93 

-100 


indo phenol 






Bindschedler's green 

la 

2 1 

'83 

— 


Methylene blue 

- 00 

2 3 

- &2 

-8:i 


(’n'syl viedet 

- 04i 

~0-1 

T* 8 

- 9 


4 : (i- Ditiitro-o-oresol 

1*3 

4*8 

08 

-87 

7’he term (fl 

■ ix‘prc*s(’nt8 the aerobic acid formation 

or glycolysis in terms of ^1. of ( ‘0^ 

^ liberated 


from the bicarbonate in the nieciium per hour, per mg. dry weight of t infant*. 

♦ Experimental periofl 2 hourH, 

little effect on kidney tissue in carbonate- Ringer solution (although in the 
presence of phosphate there was some aiJceJeration) ; however, his finding that 
pyocyanine in 2xlQ“^M concentration increased the respiration of teatis in 
carbonate-Ringer solution indicates that the action of this pigment is not quite 
similar to that of cresyl violet. It will lx* notictnl that cresyl violet and eK})eciaUy 
4 ; 6-dinitro-o-cresol increase the aerobic* ghToly.si8 of brain and ti\sti8 con- 
siderably, the increases being relatively greater than thf)8e obtainiHi with tumour, 
Indigodisulphonate w^as tried with kidney tissue, but, as wnth tumour, this dye 
neither stains the tissue nor affects its metabolism appn^ciably. 

Table HI shows the effects of a few dyes on liver metabolism. It is seen that 
an increase in respiration was obtained both in the pres^mcN^ and tlie al^nct^ of 


Table III. Effects of dyes in apjjroximately 10^ M concentraiion, 

Kat liver. 



(tIucosc 




H.Q. 

Effect at) 
Oy i^ptake 

Dye 

present 

Nonnal 

With dye 

Normal 

With <lye 

Bindachedler s green 

r 

1-2 

20 

0-99 

0*87 

+ 29 


« 

1-8 

0*3 

0*73 

0*81 

+ 24 

Methylene blue 

ri- 

1*2 

7*4 

0*99 

0*85 

+51 


- 

1*8 

14 

073 

Ch85 

+ 23 


- 

0*9 

30 

1*07 

0*90 

+40 

Cresvl violet 


1-2 

3-3 

0*99 

0*95 

+ 40 


-* 

IS 

19 

0*73 

0*82 

+48 

4 : 0* Dinitro-O'Cresol 

-- 

0*9 

8*1 

1*07 

0-74 



glucose with the reversible dyes, but that there was inhibition with the 
cresol. Liver thus Vxjfhaves in the presence or absence of glucose as does 
tissue in the presence of glucose. 
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Effects of dyes in law concentrations. 

Most of the work done by other authors on the (effects of dyes on tissue 
respiration has l>e€n with very low concentrations of the* dyes. Barron [1930, 1] 
found no effect or a decrease in the respiration of kidney, tc^stis and liver, and 
an inoreaso with brain and tumours, using methylene blue at a concentration 
of 0*005>-0*0005 % (aboxit 10~ * to 10 in phosphate- Ringer solution. Himwich 
et al. [1933] found a decrease in respiration of brain tissue under similar condi- 
tions. Jares [1935], with 0-01% (3x10 ’*3/) raetbyleno blue in phosphate- 
Ringer solution, found that iiw Og uptake of a numbfT of tissues was a(?celerated 
during the first 20 min., but that after 80 min. an inhibition had usually set 
in, while with tumour tissue th<‘ acceleration continued for a longer time. In 
Table IV, tlie results of a few experiments with dyes at 10“®J/ concentration 


Table IV. Effect of dyes in 10 '"* M cmicmiratimi on ift£ 
metaholism of mrions tissues. 






(Jhu'ow pre-<ent 



tilucose 



^ 



• 

— 

. 

. 

absent. 





KlTtet 


R.O. 


Effe<t 



Q 


of\ Dj, 

— 


— 

on O 2 





uptake 



Extra O 2 

uptakes 

TiRSIM' 

Dye 

Xornial 

Dye 

^'o 

Xormal 

Dy*- 

uptake 

0 

0 

Phila. No, 1 

.Vlethvlerie blue 

\'21 

121 

- 1 

0-09 

l-Ol 

— 

— 

Karcoum 

Thionine 

\2 4 

12-4 

. 2 

0-8.5 

08.5 


— 



\2i 

102 

I 

0-9.5 

1-00 


~ 3 


Oetifvl violet 

l:bri 

10*2 

- 10 

(t77 

0-93 


— 


4:b l>mitr{>* 

12 1 

110 

• <K> 

0-95 

0-99 

1 05 

rl2 


o cn^Hol 

i;ir, 

12 2 

V 37 

<»-77 

0*19) 

1*48 

^ 19 



141 

153 

• 57 

0-W» 

1-04 

1*28 

— 

Brain <‘orfi*x 

MethyleiK' blue 



- 14 

0-80 

0*84 

1-U 

~47* 


(Prenyl violet 


3 7 

- 12 

0-80 

0-85 

1*33 

-40* 


•4 :tl-Dinitro 

2*8 

20 

^ 3il 

0*80 

093 

1-38 

- 18* 


o-cres*ol 








Kidney cortex 

Methylene blue 

Ul 

- 0-9 

+ 5 

0-83 

0-83 


^27 


Drt^syl violet 

0 1 

-04 

-i- 7 

083 

0-84 


-29 


4:bDimtro- 

-0 1 

-OH 

0 

0-83 

t)-90 


- 13 



-01 

~ 0-2 

7 

0-81 

0*89 

*— 

— 





D!tif-ose aliaent 




hivt>r 

Methylene blue 

4 <»-4 

- 0 3 

t 0 

t>'00 

0*90 

, - 

— 


Creayl vi<»Iei 

f 0*4 

-t^O-8 

0 

0-90 

0*85 

.... 

— 


4;0 Dinitro 

0 0 

^ 1-4 

4 25 

1-07 

0*98 

— 

— 


oereatd 









* Tbe rc»ipiratioii of bruin in the abnoiice of glucose is normally very low. 


(0‘0003%±) are showm. These figtires represent the average effects over the 
fiO-min. experimental period, and with respect to methylene blue effects, they 
aore probably about what might be expected from Jares’s observations. In general, 
the effects of the dyes are less marked in the low concentrations than in the high, 
and there are no marked or constant effects on the glycolysis; often a small 
acceleration of uptake is found instead of the inhibition found at the higher 
dye concentration* 4:6-Dmitro-o-ore8ol, however, increased the respiration and 
glycolysis of tumour, brain and liver tissue quite distinctly, and raised the k.q, ; 
this result is in agreement writh the findings of Dodds and GrevUle [1934] with 
Jensen rat sarcoma. Dodds and QreviHe [1933] found the respiration of kidney 
tissue to he greatly increased by thedinitrocresol in lactafo-contaimng phosphate 
medium, and they aJso reported an acceleration in the presence of glucose in 
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bicarbonate-containing medium but not in phosphate solution. In one experi- 
ment with glucose, shown in Table IV, no effect on tht^ respiration rate of kidney 
tissue was observed, the medium containing bicarbonate as usual. The varying 
results of Dodds and Greville in the two nu'dia may have been due to chance 
variations in the tissues used. 

Dickens [1934], who showed that thioniiie in 5 x concentration pro- 

duced a large acceleration of kidney respiration in lactate- containing medium, 
also mentioned an increased respiration of kidney and t Jensen rat sarcoma in 
glucose-containing medium. This observation with thionine on kidney is similar 
to the result in Table IV with methylene blue: Philadelphia No. 1 sarcoma 
tissue, however, in the presence of glucose with thionine or methylene blue 
(10"*®Jf) did not show such acceleration. This disagreement may be duo to the 
different tumours used or poasibly to the somewhat higher dye concentration 
used by Dickens. 

Discussion. 

The chief point of interest in th<^ above results is the* (lift'erenco in the? effects 
of dyes on the Og uptake of tumour tissiit' depending on the prestmee or abfekuie<^ 
of glucose. The effects on the respiration caused by d\ (^ft in the main group in 
Table I in 10*“ com^entration seem to divide the tissues stiidi<‘d into the 
following three groups : 

(1) Brain j testis, kidney, retina. O 2 uptake inhibit'd in the presence or 
absence of glucose. 

(2) Tumour. O 2 uptake inhibited in the absence of glucose and acH-elerated 
in its presence. 

(3) Liver. Og uptake accelerated in the presence or abwmce of gln(;ose. 

Judging from results obtained with dyes in low (‘on(*ent ration and from 

those given by Jarcs [1935] for methylene blue, it would H(»em tliat all thesf' 
reversibly oxidised substances are capable, under suitable corulitions, of accele- 
rating the respiration of tissues in general. As lias Ix^cn sugge.stf d by Barron 
[1930, 2J, this is probably due to their ability to be reduced b\' various me- 
chanisms in the cell and re-oxidised by atmospheric ox\'gen, so that tlitiy provide 
an alternative oxygen -activating mechanism. Bt^sidea this (;atal}d.ic projierty, 
the dyes also seem to have a progressive poisoning effect as was made ch^ar for 
methylene blue by Jares, and as is also shown t‘ven by tumour tissue plus glucose 
with strong 2:0-dichlorophenolindophenol. Such a combination of catalytic 
acceleration and progressive toxic inhibition of oxidative pro<»esHea by dyes has 
been observed by Quastel and Wheatl(*y [ 1931] in raincH^I muscle. 

Wlien the concentration of the dyes is increased to 10 'M/, the |K>isonmg 
effect on tumour without glucose, and on brain, testis, kidn(\v and rc^tina witli 
or without glucose, appears to be so rapid that tie re8y)iratK)n is inhibited almost 
immediatidy. The various tables show that with all tfu^ tissues examined except 
liver, there is a tendency for the respiration to he mote .strongly inhibited by 
the dyes in the absentee of ghicose than in its presence, but tht* effect is much 
more marked with tumour, the respiration of which is, in the presence of glucose, 
actually accelerated by most of the dyes. It is not possible at this stage to 
explain this unic|ue acceleration of tumour respiration. It may be that inter- 
mediates products of glycolysis in tumour are able to countt^ract the dye reactions 
which ordinarily inhibit respiration. More probably, such intermediate products 
are oxidised under the catalysis of the dyes; BaiTon and Harrop [1928] offcretl a 
similar exiJanation for results obtained with mammalian red blood cells and 
dilute methylene blue. The reason for the special position of liver is quit© 



EFFECT OF REDOX DYES ON METABOLISM 2403 

obscure, though it might be expecte<l that the behaviour of this tissue would 
bc^ independent of glucose, since its normal O^ uptake, r.q, and glycolysis are 
not affectcul by tlie presencx^ or absences of glucose [Dickens and Greville, 1933; 
Elliott and Baker, 1935]. 

The effects of the dyes on gl>’colysis are also interesting, but again dilficult 
to exidain. Bumm e( al. [1934] have brought forward and bummarised evidence 
that respiration and glycolysis are not directly connecU^d with each other, and 
they maintain that the principle of th<‘ Pasteur reaction, coupling increased 
(>2 uptake with decreased h^rmentation, does not apply to most tissues. The 
effects shown in Table I provide further evidence against tins ]>rinciple since 
large iiK‘reas<'S in respiration are accompanied in some cases by no change in 
glycolysis ami in some cases by eonsiderable increases in glyeolysis. Aceording 
to the Km Wen -Meyerhof s<‘h<‘me |Mt\verhof, 1935], there are stages in the 
glycolyti(‘ process which involve the reduction of one compound at the expense 
of the oxidation of aiiothc^r. At stc'ps sueh as this, it is possible that certain 
reversibly oxidisable subslanet^s eoiild act as catalysts, ])rovuied that th(*ir 
<>xidation-re<liietion potentials and their chemical nature wen^ suitable. In this 
way, the at'ccderating (‘fleets of methylene blm^ thionine, prune and cr(\syl 
viol<‘t on tumour glyeolysis might hi^ explainW. Lipmann >showed that the 
glycolyticj nu'ehanism of muscle extract [1933] and the fermentation by yea«t 
jui(‘<‘ [ 1934] eaii l)e inhibitxxi by oxidising agfuits or by dyt's with high oxidation- 
reduction potential in the presemn* of oxyg<‘n. The convers(‘ effect, namely, 
aixHderation of glyt'olysis by dy(*s of low oxidation-reduction potential in the 
j>reseut*(' of the nxlucing systems of the tissues, might then W exix^eted. This 
.se<m».s to Ih' realisini in the marked iniTeast' in aerobic glyeolysis of tumour and 
brain tissiu^s produced by 19 ph(*no8afranine 0*25) [Cohen, 1933] 

which was obserV(Hl by Di(‘kens [1935], and by the fact that oresyl violet 
(Eq' — —0*197), (*s[K*(‘iully in tlie higher concent rat ion, and also methylene blue, 
inereas(' the glycxdysis of tumour, brain and testis. 

Though 4 : (>-dinitro-o-er<‘sol in low eoncentration markt'dly accelerates the 
respiration of tumour, brain and liver, its toxic (effect in the higher conotmtration 
used is so great that the oxygen uptakes of liver and of tumour even with 
ghu‘ose are inhibit(»d. As with other dyes, however, the inhibition is greater 
wuth oth<*r tissues and with tumour in the absence of glucose. The most inter- 
esting (dfeot shown here with tlu^ dinitrophenol in high concentration is the 
v«Ty large aecxderation it product's in the glyeolysis of brain, tc'stis and liver as 
well as (ff tumour; from this and the fact that in general its presence causes a 
rise in the r.q. toward the level recjuired for eai'bohydi’ate oxidation, it seems 
that 4:0-dii)itro-o-cre8ol in particular exerts its main catalytic effect on the 
carbohydrate metaliolism. 

SrMMARY. 

1. 2 : 6-Diehlorophenulmdophenol in L3xi0"*3f eoncentration produces 
almost complete inhibition of the respiration of tumour tissin^ in the absence 
of glucose, and of kidney, brain, testis, retina and chick embryo in the presenct^. 
or absence of glu(x»se. Liver respiration is also considerably inhibited in either 
case, and its k.q. is lowered. Tumour tissue alone, in the presence of glucoats 
continues to respire, although there is a progressive inhibition, 

2, 2:6-I>iohIoropbenolii:idophenol in one-third of the above concentration, 
and a number of otlier oxidation-reduction potential indicator dyes in approxi- 
mately 10""* if concentration, accelerate the respiration of tumour tissue in the 
presence of glucose and inhibit it in the absence of glucose. In this concen- 
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tration, these dyes produce considerable inhibition of respiration with brain, 
testis, kidney and retina, even in the presence of glucose. The respiration of 
liver tissue is accelerated in the presence or absence of glucose. 

3. Thionine, prune, methylene blue and cresyl violet in 10"*® AT concen- 
tration, besides accelerating the I'espiration of tumour slices in glucose medium, 
also increase the aerobic glycolysis. Cresyl violet also increases the glycolysis 
of brain and testis somewhat. 

4. In Af concentration the effects of the dyes are less mai'ked. With all 
the tissues tried there is usually a slight increase in the average rate of respiration 
in the presence of glucose over a 60-minute experimental period and some 
inhibition in the absence of glucose. 

5. In 10“"^ A/ concentration, 4 : 6-dinitro-o-cresol increases the glycolysis of 
tumour tissue and of brain, liver and testis. It inhibits the respiration of liver 
and of tumour tissue somewhat even in the presence of glucose. As with tlie 
other dyes, there is a large inhibition of the respiration of tumour tissiu^ in the 
absence of glucose and of other tissues in the pre.sence or absence of glucose. 
In 10~®A/ concentration, 4 : G-dinitro-o-ci‘e8ol ac(H5lerates the respiration of 
tumour, brain and liver tissues considerably. 
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CCLXXXV. GLUTATHIONE AND ASCORBIC ACID 
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(Received July 6ik, 1935,) 

A ROWKKFxrL rt'diieing ftubHtance giving the indophenol reaction for ascorbic 
acid was shown by Birch and Dann [1933] to he present in a wide variety of 
animal tissues in amount comparable with the glutathione present. It then 
Ix^came ayijiarent that values for tis.sue glutathione dettjrmined by methods 
deyKmding upon its reducing capacity might include both glutathione and 
xiscorbic acid. In tumour tissue, using a colorimetric nitroprusside method, 
Boyland [1933J HhowT*d that only alxxut one-third of the total iodine value was 
due to glutathione whilst tiie remainder could Ik^ accounted for by the indo- 
phc^nol titration as ascorbic acid. It should be pointed out howxwer that it is 
not y<*t ctTtain that the material in ail tissues reacting in this method is actually 
ascorbic acid. 

li<‘cently the author (1935) has demonstrated a method w^hich appears to 
be absoluU'ly 8p€*cifi(! for glutathione. Using this method, w'hich depends upon 
the degrK» of af'tivatioii of glyoxalaae by glutathione, further investigation has 
Ix'en madt^ of the glutathione contents of tumour tissue and other tissues of the 
cumc(?r-l>earing animal along with avseorbic acid titrations of the same tissues. 
Sinc^e tumours containHl a relatively high amount of this ascorbic acid-like 
matxirial, exjierimcnts wen* likc'wdse (*anTt*d out to see w^hether the concentra- 
tion of this substance could bi* changed exjxnimentally in the animal wdth 
resultant effect upon gn)wth of the tumours. 

Methods. 

Animak, Albino rats of the (herniantowTi strain, covering a weight range of 
75-259 g., were used. The tumour-bearing animals had received transplanted 
tumours of the Philadelphia No. 1 sarcoma and Walker No. 256 carcinoma 
strains. A histological description of these tumours has l>een given by Wald- 
schmidt-l.ieitz et cU, [1933]. The rats were fejd on a standard diet consisting of 
com, oat^, bread and lettuce. 

Tissue extracts. These were prepared by a method similar to that pro|>osed 
by Okuda and Ogawa [1933]. The tissues werc^ removed immediately from the 
stunned and decapitatecl animal. After weighing e^h tissue, it was placed in a 
mortar, covered by one volume of 0'25 if salicylsulphonic acid and then ground 
in the absence of sand or other extraneous agent. The tissue readily disintegrated 
to a fine pulp. The pulp was then washed into a graduated cylinder or tube by 
means of 0 I25Jlf salicylsulphonio acid and made up to a volume coiTesponding 
to five times the weight of the tissue used, or 1:5 dilution. In the case of liver, 
a 1:10 filtrate was uSwl, making up to volume with Od M salicylsulphonic acid 
instead of 0*l26if . In ibB case of adrenal, where only 20-30 mg. were available 
per animal, a 1:60 filtrate was used. The adrenals were ground with 0*3 ml. of 

( 2405 ) 
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0*0/ salicylsulphonic acid and made up to volume with the same strength acid. 
With the last two tissues, whore deviation was made from the usual 1:5 dilution, 
the strength of acid used had to be varied as indicated in order to bring the 
resulting filtrates to the same degree of acidity. After standing for about 
15 min. and thorough mixing, the extracts were filtered through Whatman 
No. 30 filter-paper. 

Glutathione estimation. The manometric glyoxalase method previously 
described by the author [1935] was used throughout. 

Ascorbic acid estimation. This was based upon the principle of Birch et al. 
[1933] of addition of the ascorbic acid solution to a definite amount of 
standardised 2:6-dichlorophenolindophenol. In these experiments however the 
salicylsulphonic acid extracts of the tissues were used instead of trichloroacetic 
acid extracts. The superiority of the former acid for indophenol titrations of 
ascorbic acid was pointed out in the previous paper [Woodward, 1935]. 


Expekimental. 

Normal animals. 

The values for normal animals, fasting 24 hours, are given in Table 1. A ftm' 
values wore also determined on animals not fasting. The only differences ol)- 
served were in the liver and kidney glutathione values, which were higher in 
the non-fasting animals. It was also not(Ml that the ascorbic acid valium remained 
constant for a much longer time in the cas(' of the filtrate's from the fasting 
animals. Only the fasting values were used tluu'efore for comparisons. In some 
of the tissues studied, there seems to be a surprisingly small range of values. 
This is particularly true of the glutathiones in adrenal, kidney and spleen, and 
the ascorbic acid in liver and kidney. 


Table 1, NormM rats. 

Kat 


CUutathioiK' (mg. jht Ascorbic* arid (rng. per 100^.) 



vvt. 


Acli’enal 

— 

, 




* 





No. 

g- 

8ox 

Liver 

Kidnc\y 

8]»leen 

Adrenal 

Liver 

K i<lney 

Splee 

1 

81 

M 

85 

160 

69 

88 

400 

27 

18 

5.3 

o 

8,3 

M 

no 

148 

70 

95 

:i4.3 

30 

•>•> 

51 

3 

145 

F 

125 

164 

80 

102 

292 


16 

31 

4 

147 

M 

95 

160 

106 

— 

345 

18 

14 


o 

156 

M 

90 

140 

54 

98 

333 

29 

15 

29 

<> 

160 

F 

160 

198 

96 

92 

329 

19 

15 

19 

7 

172 

M 

125 

192 

76 

86 

385 

23 

15 

:i4 

8 

174 

M 

100 

192 

72 

87 

331 

29 

18 

23 

9 

211 

M 

90 

190 

70 

92 

437 

32 

21 

_^27 


Average 

109 

172 

77 

92 

355 

25 

17 

33 


Tumour-bearing animals, untreated. 

Table II gives the results on rats with Walker No. 256 carcinoma and with 
Philadelphia No. 1 sarcoma. Both tumours were found to contain large amounts 
of glutathione and of a material which titrates as ascorbic acid. The concon- 
tration of the latter is higher in tumour tissue than in any other tissue studied 
with the exception of adrenal. Brain and thymus were investigated in a few 
cases and found to contain amounts of ascorbic acid in the vicinity of 35 mg. 
I^r 100 g. each, the glutathione amounting to 46 and 50 mg. per 100 g. respec- 
tively. In no tissue does there seem to bo a significant increase or decrearo in 
the concentration of either glutathione or ascorbic acid when the tumour-bearing 
animals are compared with the normals. 
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Table II. Tumour-bearing rats. Untreated. 

Rat Tumour 

/ — ^ f > j Glutathione (rag. per 100 g.) Aneorbic acid (rag. per 100 g.) 

Wt. Age Wt. , , ; ^ 

No. g. days g. % Tumour Adrenal Liver Kidney Spleen Tumour Adrenal Liver Kidney Spleen 

I'^alker No. 256 carcinoma: 


1 

75 

17 

3 

4 

92 



114 

60 



50 

— 

22 

13 

— 

2 

12*1 

18 

2 

2 

73 

100 

152 

76 

— 

47 

518 

25 

20 

— 

3 

161 

18 

10 

7 

76 

— 

— 

— 

— 

45 

— 

— 

— 

— 

4 

163 

18 

5 

3 

88 


— 

— 

— 

35 

— 

— 

— 

— 

5 

163 

19 

9 

6 

90 

95 

170 

62 

— 

66 

438 

26 

15 

— 

6 

178 

20 

n 

6 

83 

110 


— 

— 

53 

543 

— 

— 

— 

7 

198 

18 

4 

2 

94 

85 

156 

79 

91 

44 

383 

23 

13 

25 

8 

215 

21 

15 

7 

100 

IJO 

176 

72 

100 

52 

3i>4 

23 

17 

41 

9 

220 

16 

5 

2 

88 

KX) 

204 

74 

89 

38 

346 

24 

14 

35 

LI) 

260 

17 

10 

4 

lU 

90 

110 

79 

108 

56 

3(«) 

24 

15 

32 




Averjigo 

90 

99 

155 

72 

97 

48 

422 

24 

15 

33 

hiladelphia No. 1 

sarcoma: 












1 

80 

22 

5 

6 

64 

80 

102 

51 

— 

72 

464 

25 

17 

— 

.> 

IK) 

35 

12 

13 

94 

106 

154 

69 

86 

65 

333 

18 

14 

21 

3 

100 

28 

9 

9 

79 

70 


64 

86 

73 

342 

27 

20 

27 

4 

135 

32 

16 

12 

90 

— 

13<‘» 

91 

82 

80 

415 

20 

15 

39 

5 

139 

26 

9 

6 

101 

95 

158 

72 

106 

73 

486 

24 

17 

32 

ii 

201 

31 

23 

11 

61 

88 

ilH 

68 

— 

45 

375 

14 

11 

— 

7 

293 

40 

36 

12 

82 

__ 

-- 

— 

— 

45 

__ 

— 

— 

— 




Av<*ragp 

82 

88 

134 

70 

IK) 

65 

41)3 

21 

16 

30 


A characteristic difference between the two tumours studied ia noted in the 
relative glutathione and ascorbic acid contents of each. The Walker No. 256 
carcinoma is characterised by a liigher glutathione content and a lower ascorbic 
acid content than the Philadelphia No. 1 sarcoma. Thus the ratio of glutathione 
to ascorbic acid in the carcinoma is usually over 1*6 with an average of 1*9, 
whilst in the sarcoma it is usually under 1*4 with an average of 1*3. 

It should be pointed out that the above-mentioned figures for tumour tissue 
were obtained only on that pai*t of the tumour which was healthy growing tissue. 
Comparative analyses on necrotic parts from some of the tumours, Table 111, 

Table III. Comparison of hmUhy and mcroiic tmnour tissue. 

Glutathione Asoorbie acid 



Healthy 

Necrotic 

Healthy 

Necrotic 


mg./lOOg. 

mg./lOOg. 

mg./lOOg. 

mg./lOO g. 

Philadelphia Ko. 1 Harcorua 

82 

9 

45 

8 

104 

5 

52 

Trace 


82 

8 

45 

9 

Walker No. 256 carcinoraa 

76 

12 

25 

5 


showed a very small amount of both reducing substances in these areas. Since 
it is not possible entirely to separate the growing cells from the necrotic, it 
seems quite probable that, in purely necrotic cells, none of either of the reducing 
materials is present. Edlbacher and Jung [1934] had previously reported that 
ascorbic acid was 10 times lower in necrotic tissue of Jensen rat sarcoma, and 
that the total iodine value, representing both glutathione and ascorbic acid, 
was 4-6 times lower. The fact that these materials are non-existent or low in 
necrotic tissue may explain discrepancies which have been reported in the 
literature with regard to the ascorbic acid value and particularly the glutathione 
content of tumours. It has been the experience of the author that in the Ehrlich 
mouse carcinoma the necrotic cells are scattered throughout to such an extent 
that it is practically impossible to obtain a representative sample of healthy 
tissue for analysis. This probably accounts for the fact that the values for 
Bioohem. 1935 xxxx 163 



2406 


G. E. WOODWARD 


0-1 J/ salicylsulphonic acid and made up to volume with the same strength acid. 
With the last two tissues, where deviation was made from the usual 1:5 dilution, 
the strength of acid used had to be varied as indicated in order to bring the 
resulting filtrates to the same degree of acidity. After standing for about 
15 min. and thorough mixing, the extracts wt'Te filtered through Whatman 
No. 30 filter-paper. 

Glutxithione estimation. The manometiic glyoxalase method previously 
described by the author [1935J was used throughout. 

Ascorbic acid estimation. This was based upon the principle of Birch et al, 
[1933] of addition of the ascorbic acid solution to a definite amoiint of 
standardised 2:6-dichlorophenolindo])henol. In these experiments however the 
salicylsulphonic acid extracts of the tissues were used instead of trichloroacetic^ 
acid extracts. The supe^riority of the former acid for indophenol titrations of 
ascorbic acid was pointed out in the previous paper [Woodward, 1935]. 


Expkrimental. 

Normal animals. 

The values for normal animals, fasting 24 hours, are gi\en in Tabic I. A few 
values were also determined on animals not fasting. The only differencies ob- 
served were in the liver and kidney glutathione valuers, which wens higher in 
the non-fasting animals. It was also noted that the ascorbic acid value remained 
constant for a much longer time in the case of the filtrate.s from the fasting 
animals. Only the fasting values wctc used therefore^ for com]:)ariHons. In some 
of the tissues studied, there seems to bc^ a surprisingly small range of values. 
This is particularly true of the glutathione in adrcmal, kidney and spleen, and 
the ascorbic acid in liver and kiciney. 


Table 1. Normal rats. 


Rat 


-- 



Wt 

— ^ 

Glutathione (rng. p<*r l(M)g.) 

- .. 

As(*orhi( 

• arid (nig. per J0<) g.) 

No. 

g* 

Sex 

r 

Adrenal 

Liver 

Kidney 

>S])leen 

Adrenal 

Liver 

Kidney 

Spleen 

1 

81 

M 

85 

100 

09 

88 

400 

27 

18 

53 

2 

s;} 

M 

no 

148 

70 

95 

343 

:io 

22 

.51 

H 

145 

F 

12.5 

104 

80 

102 

292 

22 

10 

31 

4 

147 

M 

95 

100 

100 


.345 

18 

14 


5 

150 

M 

90 

140 

54 

98 

333 

29 

IrJ 

29 

(> 

100 

F 

100 

198 

96 

92 

329 

19 

15 

19 

7 

172 

M 

125 

192 

70 

80 

385 

23 

15 

.34 

8 

174 

M 

100 

192 

72 

87 

331 

29 

18 

23 

9 

211 

M 

90 

190 

70 

92 

437 

32 

21 

27 


Average 

109 

172 

11 

“‘92 

:i55 

25 

17 

”33 


Tumour-bearing animals, untreated. 

Table TI gives the results on rats with Walker No. 256 carcinoma and with 
Philadelphia No. 1 sarcoma. Both tumours were found to contain large amounts 
of glutathione and of a material which titrates as ascorbic acid. The concen- 
tration of the latter is higher in tumour tissue than in any other tissue studied 
with the exception of adrenal. Brain and thymus were investigated in a few 
cases and found to contain amounts of ascorbic acid in the vicinity of 35 mg. 
per 100 g. each, the glutathione amounting to 45 and 50 mg. per 100 g. respec- 
tively. In no tissue does there seem to be a significant increase or decrease in 
the concentration of either glutathione or ascorbic acid when the tumour-bearing 
animals are compared with the normals. 
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Tumour 


Table II, Tumour-bearing rats. Untreated. 


wt. 


Glutathione (mg. per l(X)g.) 


Ascorbic acid (mg. per 100 g.) 


No. 


days 


O' 

/o 

Tumour Adrenal 

Liver 

Kidney Spleen 

Tumour Adrenal 

Liver Kidney Spleen 

Walker No. 256 carcinoma: 












1 

75 

17 

3 

4 

92 

— 

114 

00 

— 

50 


22 

13 

— 

2 

124 

18 

2 

2 

73 

100 

152 

70 

— 

47 

518 

25 

20 

— 

3 

151 

18 

10 

7 

76 

— 

— 

— 

— 

45 

— 

— 

— 

— 

4 

153 

18 

5 

3 

88 

— 

— 

— 

— 

35 

— 

— 

— 

— 

6 

153 

19 

9 

t) 

90 

95 

170 

62 

— 

56 

4:i8 

26 

15 

— 

6 

178 

20 

11 

6 

83 

no 

— 

— 

— 

63 

543 

— 

— 

— 

7 

198 

18 

4 

2 

94 

85 

150 

79 

91 

44 

383 

23 

13 

25 

8 

215 

21 

15 

7 

100 

no 

170 

72 

100 

52 

3l‘4 

23 

17 

41 

9 

220 

16 

5 

2 

88 

1(K) 

204 

74 

89 

38 

346 

24 

11 

35 

10 

260 

17 

10 

4 

la 

90 

110 

79 

108 

56 

3tK) 

24 

15 

32 




Average 

90 

99 

155 

72 

97 

48 

422 

24 

15 

33“ 

Philadelphia 

No. 1 

sarcoma: 












1 

80 

22 

5 

0 

64 

80 

102 

51 

— 

72 

4(4 

25 

17 

— 

3 

90 

;i5 

12 

13 

94 

J05 

154 

69 

86 

65 

333 

18 

14 

21 

3 

100 

28 

9 

9 

79 

70 

— 

64 

86 

73 

342 

27 

20 

27 

4 

135 

32 

16 

12 

90 

— 

136 

94 

82 

80 

415 

20 

15 

39 

5 

139 

26 

9 

(; 

101 

95 

158 

72 

106 

73 

486 

24 

17 

32 

6 

204 

31 

23 

11 

61 

88 

118 

68 

— 

15 

375 

14 

11 

— 

7 

293 

40 

30 

12 

82_ 

— 

— 

— 

— 

45 

— 



— 




Average 

82 

88 

131 

70 

90 

65 

103 

21 

“To"* 

30‘ 


A charactenstic difference between the two tumours studied is noted in the 
relative glutathione and ascorbic acid contents of each. Ilie Walker No. 256 
cartjinoma is (iharacterised by a higher glutathione content and a lower ascorbic 
a(‘id content than the Philadelphia No. 1 sarcoma. Thus the ratio of glutathione 
to ascorbic acid in the carcinoma is usually over 1*6 with an average of 1*9, 
whilst in the sarcoma it is usually under 1*4 with an average of 1-3. 

It should be pointed out that the above-mentioned figures for tumour tissue 
were obtained only on that part- of the tumour which was healthy growing tissue. 
Comparative analyses on necrotic parts from some of the tumours, Table III, 


Table III, Comparison of healthy and nex^rotic tumour tissue. 

(Jlutathiono Ascorbic acid 



Healthy 

Necrotic 

Healthy 

Necrotic 


mg./lOO g. 

mg./lOOg. 

mg./lOOg. 


rhiladelphia No, 1 sarcoma 

82 

9 

45 

8 


104 

5 

52 

Trace 


82 

8 

45 

9 

Walker No. 256 carciuoma 

76 

12 

25 

0 


showed a very small amount of both reducing substances in these areas. Since 
it is not possible entirely to separate the growing cells from the necrotic, it 
seems quite probable that, in purely necrotic cells, none of either of the reducing 
materials is present. Edlbacher and Jung [1934] had previously report-ed that 
ascorbic acid was 10 times lower in necrotic tissue of Jensen rat sarcoma, and 
that the total iodine value, representing both glutathione and ascorbic acid, 
was 4-5 times lower. The fact that these materials are non-existent or low in 
necrotic tissue may explain discrepancies which have been reported in the 
literature with regard to the ascorbic acid value and particularly the glutathione 
content of tumours. It has been the experience of the author that in the Ehrlich 
mouse carcinoma the necrotic cells are scattered throughout to such an extent 
that it is practically impossible to obtain a representative sample of healthy 
tissue for analysis. This probably accounts for the fact that the values for 
Bioohem. 1935 xxix 153 
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Ehrlich carcinoma arc lower than those for the other two tumours. Analyses 
on the best material available gave for glutathione 22, 30 and 43 mg, per 100 g. 
and for ascorbic acid 9, 13 and 11 mg. per 100 g. Similar values for ascorbic 
acid in this tumour were reported by Galigani [1934], 

Tumour-bearing animals, treated with ascorbic acid. 

An extremely large stimulation of tumom* growth has been reported by 
Fodor and Kunos [1934] in mice with Ehrlich carcinoma which were fed or 
injected with ascorbic acid. An attempt to duplicate their results with a series 
of animals injected subcutaneously has failed here. There was no increased 
growth of the tumours. On the whole the growth of these tumours was so 
erratic even in the controls as to allow of no dt^finite conclusions. The experiment 
was therefore repeated on a series of rats with Walker No. 256 carcinoma and 
with Philadelphia No. 1 sarcoma. With both these tumours the rates of growth 
were practically the same as in the controls. At the end of the experiment, 
the tissues were subjected to the same analyses as those of the untreated tumour- 
bearing animals. The results, Table IV, show that the ascorbic acid concentra- 
tion has not been significantly increased in any tissue with the possible 
exception of tumour tissue, and here the significance of the apparent slight 
increase is doubtful. 


Table IV. Tumour-bearing rats after ascorbic acid injections* 


Kat Tumour 

^ ^ Glutathione (mg. per 100 g ) Ascorbic acid (mg. per 100 g.) 

Wt. Age Wt. ( ‘ ^ K 

No. g. days g. % Tumour Adrenal Liver Kidney Spleen Tumour Adrenal Liver Kidney Spleen 
Walker No. 256 carcinoma: 


1 

153 

17 

10 

7 


165 

200 

72 

106 



206 

30 

22 

44 

2 

142 

19 

4 

3 

128 

120 

176 

80 


63 

303 

20 

14 


3 

156 

20 

6 

4 

104 

115 

138 

91 

— 

50 

242 

20 

13 


4 

160 

18 

3 

2 

105 

105 

178 

68 

— 

67 

495 

29 

27 

18 


6 

152 

19 

10 

7 

94 

85 

106 

50 

— 

69 

570 

15 


6 

164 

20 

9 

5 

_£8_ 

105 

— 

— 


50 

543 


— 




Average 

104 

116 

100 

72 


59 

393 

25 

10 

— 

Philadelpliia 

No, 1 sai’coma: 












1 

81 

33 

U 

14 

81 

63 

80 

44 

66 

77 

300 

20 

17 

2li 

2 

97 

48 

12 

12 

86 

80 

104 

50 

80 

83 

318 

29 

20 

34 

3 

111 

28 

13 

12 

96 

75 

— 

65 

— 

79 

461 

25 

17 


4 

126 

26 

9 

7 

83 

85 

132 

60 


78 

426 

23 

17 


5 

137 

32 

12 

9 

102 

85 

168 

74 

— 

77 

35-t 

25 

10 






Average 

90 

78 

123 

59 

73 

79 

372 

26 

17 

30 


* In the carcinoma group, rats Nos. 1, 2 and 3 had received subcutaneously 0-5 ml containiiu? 10 mi? for S 10 unH 
11 days respectively; Nos. 4, 5 and 6, 0*5 ml. contaiiii^ ^ mg. for 10, 11 and 12 days respectively. ^ ’ 

In the sarcoma group, rats Nos. 1 and 2 had received subcutaneously 0-6 ml, containing 4*6 nig for 11 and 25 davs 
respectivelv; Nos. 3, 4 and 5 had received 0*5 ml. containing 10 mg. for 10, 14 and 20 days respectively. ^ 

All analj^es were made 24 hours after the last injection. ^ 


Timour-bearing animals, treated with mannose and glucose. 

The origin of ascorbic acid in plant tissues was investigated by Ray [1934] 
whose results indicated that ascorbic acid could be formed naturally from the 
hexoses, particularly mannose. The association of mannose in plant tissues rich 
in ascorbic acid had previously been noted by Euler and KlnHawigTiT i [I 933 , i]. 
Evidence was also offered [Guha and Ghosh, 1934] that mannose, alone among 
tlu! sugars, could be converted into ascorbic acid in vitro by certain tissues of 
the rat. As a substance which might possibly be transformed into ascorbic acid 
by tumours in vivo and thus stimulate their growth, was injected 
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subcutaneously into a series of tumour-bearing rats. From analyses of tissues 
of rats under such treatment, Table V, it is seen that no such synthesis occurred. 
Neither the concentration of ascorbic acid in the tumours and other tissues nor 
the rate of growth of the tumours was aflFected in any way. 

Rats with Philadelphia No. 1 sarcoma were likewise treated with glucose 
without any effect upon the tumours or other tissues (see Table VI). 


Table V. Tumour^bearing rats after mannose injections' 


Rat 


Tiuriour 


Wt. Age Wt. 

Xo. g. days g. 

Walker Xo. 250 carcinoma: 


Glutathione (mg. per 100 g.) 


Ascorbic acid (mg. per 100 g.) 


Tumour Adrenal IJver Kidney Spleen Tumour Adrenal Liver Kidney Spleen 


1 

196 

15 

4 

2 

112 

100 

208 

75 

116 

58 

416 

22 

14 

18 

2 

186 

16 

10 

5 

115 

100 

192 

82 

164 

41 

281 

17 

13 

41 

3 

208 

1(1 

7 

3 

109 

— 

— 

— 

— 

43 



— 

— 

— 

4 

219 

19 

15 

7 

85 

70 

168 

68 

104 

40 

214 

23 

19 

35 

5 

224 

19 

8 

4 

119 

70 

132 

62 

108 

71 

400 

24 

17 

33 

6 

130 

18 

12 

9 

118 

. — 

— 

— 

— 

54 

— 

— 

— 

— 

7 

158 

18 

5 

3 

84 


— 

- 

— 

45 

— 

— 

— 

— 




Average 

106 

85 

175 

77 

123 

50 

328 

22 

16 

32 

Philadclpliia No. 1 

sarcoma: 












1 

97 

46 

15 

15 

110 


108 

54 

— 

67 

— 

23 

14 

— 

o 

107 

46 

21 

20 

94 

— 

108 

51 

— 

77 

— 

27 

14 

— 




Average 

102 

— 

108 

53 


72 


25 

14 

— 


* Jn the carc’inoma group, all the rats receivcKl Kuboutaneously 0-5 ml. 50% maniUKse daily, No. 1 for T days, Nos. 2, 3, 
4 and 5 for 8 days, and Nos. 0 and 7 for 0 days. In the sarcoma group, the rats received subcutaneously 0*25 ml. 50% 
rnanno.se daily for 24 days. Analyses were made 24 hours after the last injection. 


Table VI. Tnmour-bearing rats after glucose injections* 

Rat Tumrmr 

r-' ‘ r '-I Glutathione (mg. per 100 g.) A.scorbic acid (mg. per lOOg.) 

W t. Age \\ t, ■ 

No. g. days g. Tumour Adrenal Liver Kidney rfpleen Tumour Adrenal Liver Kidney Spleen 

Philadelphia No. 1 sarcoma; 


1 

201 

26) 

8 

4 

71 

6b 

162 

68 

76 

48 

361 

19 

15 

28 

o 

221 

33 

23 

10 

— 

90 

144 

68 

— 

— 

247 

25 

16 

— 

3 

245 

39 

43 

18 

104 

85 

202 

78 

100 

52 

266 

20 

13 

21 

4 

2ii0 

40 

30 

12 

82 

— 

— 

— 

“ 

4r5 

— 

— 

— 





Average 

86 

81 

169 

71 

88 

48 

298 

21 

15 

25 


* All the rats received subcutaneously 1 ml. 50^0 glucose twice daily for the first 11 days, then 1 ml. daily for 14, 21, 
27 and 28 days respectively. Analyses were made 24 hours after the last injection. 

Tumour-bearing animaUy treated with oxidation-reduction dyes. 

In an attempt to decrease the ascorbic acid content of the tumours, tumour- 
bearing animals have been injected with oxidation-reduction dyes known to 
react with ascorbic acid, that is, dyes with a more positive potential than that 
of ascorbic acid. 2:6-Dichlorophenolindophenol, toluylene blue and the dye 
prune have been used in a series of 10 rats for each dye with tumours about 
0*5 cm. in diameter, half of each group receiving the dye subcutaneously near 
the site of the tumours and half into the tumours. There was no marked difference 
in the growth of any of the tumours as compared with a control group. The 
tumours which had been injected with prune were however among the largest 
developed. Analyses of a few of the tissues are reported in Table VII. Here 
also there has been no definite effect on the concentrations of ascorbic acid and 
glutathione in the tumour or other tissues. Euler and Klussmann [1933, 2] had 
been able to rednoo the ascorbic acid content of pinea-pig adrenal by half in 
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4 hours by a single subcutaneous injection of methylene blue, but it must be 
borne in mind that guinea-pig tissues are much more susceptible to vitamin C 
(ascorbic acid) variations than rat tissues. 

Table VII. Phikidelphia No, 1 sarcxyma rats after injection 
of oxidation-reduction dyes* 


Tumour 

Hat ^ ^ V Glutathiono (ntg. per 100 g.) Ascorbic acid (rng. per 100 g.) 



Site of 

wt. 

Age 

Wt. 


^ 



^ f 




Kidney 

Dye 

injection 


days 

g- 

O' 

/o 

Tumour 

Adrenal 

Liver Kidney rumour Adrtmal 

Liver 

Prune 

Subcut. 

103 

37 

15 

15 

94 

105 

150 58 72 

355 

31 

18 



87 

33 

20 

23 

115 

— 

— ~ 30 

— 

— 

— 


Tumour 

80 

33 

17 

21 

90 

— 

~ — 30 

— 

— 

— 



99 

39 

18 

18 

91 

— 

_ 01 

— 

— 

— 

Toluylene 

Subcut. 

no 

38 

13 

12 

90 

90 

94 52 07 

440 

21 

17 

blue 

Tumour 

94 

33 

12 

13 

120 

— 

— — ()4 

— 

— 

— 



108 

39 

22 

20 

91 

— 

— 01 

— 

— 

— 

2‘.6-Dichloro- 

Subcut. 

90 

37 

10 

17 

108 

100 

132 00 59 

307 

20 

17 

phenol- 

Tumour 

100 

33 

13 

13 

87 

— 

- 57 

— 

— 

— 

indophenol 


99 

39 

18 

18 

90 

— - 

— ^ 58 

— 

— 

— 


*■ 0*2 ml. 0*1 % dye daily at first, increasing to 0*4 ml. as tlie tumours became larger. 
Analyses were made 24 hours after the last injeclion. 


The question also arises as to whether the dyes were able to penetrate into 
the tumour cells. Prune and the indophcnol in their oxidised (coloui*ed) forms 
were quite apparent in the necrotic areas of the tumours where the analytical 
figures have shown a lack of reducing substances. In the healthy growing parts 
of the tumours no evidence was found that any dye, even in its reduced (colour- 
loss) form, was present, for, when tissue slices or tissue extracts were treated 
with ferricyanide or with hydrogen peroxide, no colour developed. It is therefore 
possible that the dyes did not penetrate into the tumour cells and for this 
reason could not react with the ascorbic acid present. 

Tumour-bearing animals treated with X-rays. 

Having failed to change materially the concentration of ascorbic acid or 
glutathione in tumoui's by any of the injection experiments, it was thought of 
interest to investigate the concentration of these substances in a tumour whose 
growth had been checked by X-rays. Such tumours were kindly supplied by 
Dr George Bancroft of this laboratory. Using twin tumours on a rat and 
applying X-rays to one tumour, the other being shielded, he had been able to 
produce varying degrees of retardation of growth in the treated tumour as 
compared with the control tumour on the same rat. Analyses of such pairs of 
tumours are recorded in Table VIII. Where the X-ray treatment was effective, 
a distinct diminution of glutathione in the tumours was found (Nos. 3, 4, 5, 9, 
10 and 11). Ascorbic acid was likewise distinctly decreased in the Philadelphia 
No. 1 sarcomas, but not in the Walker No. 256 carcinomas. In tumours resistant 
to X-rays, the decreases in these values were not notinl (Nos. 6 and 7). Further- 
more, in a tumour which had started to grow again after X-ray treatments were 
stopiied (No. 8), both reducing substances were found in an amount as high as 
in the control tumour. 

It seems very likely that the decreased glutathione content found in X-ray- 
treated tumours is not a direct effect of the X-rays on glutathione since it was 
shown by the author [1933J that glutathione is extremely resistant to large 
doses of X-rays. These doses were 7-10 times larger than those applied to the 
rat tumours by Di* Bancroft. It has however been shown by Kinsey [ 193^] using 
softer X-rays than those used in this laboratory that glutathione in pure solution 
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Table VIIL Tvdn tumours after X-ray treatment of one. 






Gluta- 

Ascorbic 





Tumour 

thione 

acid 


No. 

Tumour 

strain 

I’reafcmeni 

wt. 

g- 

V 

V 

Remarks 

1 

Philadelphia 

Both 

U*C 

109 

59 

Both growing about the same 


No. 1 sarcoma 

untreated 

12-8 

112 

0) 

2 

»» 

n 

26-2 

96 

50 





30-2 

106 

63 


a 


X-ray 

0-7 

56 

29 

Irradiated tumour regressing slowly 



Untreated 

2'0 

82 

42 

4 

»> 

aX-ray 

1-8 

16 

10 

Growth of irradiated tumour inhibited, slight growtli 



Untreated 

300 

74 

53 

after X-ray treatment stopped 

5 


X-ray 

3-8 

81 

50 

Growth of irradiated tumour considerably retardtxl. 



Untreated 

11 -3 

111 

02 

No regrtission 

6 

t) 

.X-ray 

7-1 

80 

(>5 

Growth of irradiated tumour retarded slightly. 



Untreated 

12-2 

85 

01 

Fairly resistant to X-rays 

7 

,, 

X-ray 

35*5 

86 

52 

ti 



Untmated 

:io*o 

91 

56 


b 


X-ray 

4-0 

76 

.58 

Growth of irradiated tumour inhibited at first. 



Untreated 

37*5 

72 


Tumour has started to grow since treatment stopped 

0 

Walker No. 25fi 

X-ray 

04 

28 

23 

Irradiated tumour regressing rapidly 


carcinoma 

Unti'eaUnl 

4*2 

08 

29 

]0 


X-ray 

4*3 

69 

20 

(.irowth of irradiated tumour inhibitt^l. No re- 



Untreated 

lti‘9 

88 

31 

gresvsion 

11 


X-ray 

2*0 

50 

20 

Irraciiated tumour regressing slowly 



UntreatiNl 

22*5 

78 

26 


may be somewhat destroyed. The decrease in glutathione may find an explana- 
tion as a secondary effect, being an eicpression of the reduced metabolism of 
the treated tumours. 

Summary. 

1. Walker No. 256 carcinoma and Philadelphia No. 1 sarcoma were found 
to contain glutathione in amount comparable with other body tissues of the 
rat and ascorbic acid-like mat(Tial in amount higher than any other tissue 
studied except adrenal. These reducing substances were present only in the 
growing parts of the tumour, there being practically none in the necrotic part. 
Ehrlich mouse carcinoma is too necrotic t^oughout to make a good separation 
and values obtained with this tumour are therefore low. Glutathione is slightly 
higher in the carcinoma than in the sarcoma, wiiilst ascorbic acid is somewhat 
lower in the former. Thus the ratio of glutathione to ascorbic acid in the car- 
cinoma is usually over LG and in the sarcoma under 1*4. 

2. Corresponding tissues in the normal and tumour-bearing rats showed no 
significant differences in their glutathione and ascorbic acid contents. 

3. Long-continued injections of ascorbic acid, mannose, glucose or oxidation- 
reduction dyes into tumour- bearing rats did not materially affect the concen- 
trations of ascorbic acid or glutathione in the tumour tissue or other tissues of 
the body. The growth of the tumours was likewise not affected. 

4. X-ray treatment caused a decrease in the glutathione values of the 
tumours provided that the treatment was effective in retarding the growth of 
the tumours; the ascorbic acid value was reduced only in the Philadelphia No. 1 
sarcoma. In tumours resistant to X-rays, no decrease in the values was noted. 

The author wishes to acknowledge the assistance of Miss Mary A. Russell 
in the treatment of the animals. 
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CCLXXXVI. PHYSICAL CHEMISTRY OF LIPOIDS. 
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OF MONOPHOSPHATIDES AND THEIR 
REACTIONS TO NEUTRAL SALTS. 

By MONA SPIEOEL-ADOLF. 

From the Department of Colloid Chemistry y D. J. McCarthy Foundation y 
Temple Universityy School of MedicinCy PhUadelphia, Pa. 

(Received June 24thy 1936.) 

It lias bot^n reported in a firovious coinmnnication [Spiegel- Adolf, 1932, 1] that, 
contrary to the Hofrmnster series, colloidal solutions of egg-lccithin show a 
greater decrease in viscosity* on axldition of bromides than on addition of chlorides, 
iodides and thiocyanates. These results combined with more recent interfero- 
metric studies [Spiegel- Adolf, 1932, 2] were explained as due to n^ai^tion of 
molecular bromint^ witJi the unsaturated grouy)s of the lecithin molecules. The 
(»x])eriments to Im? reported here were started with the aim of verifying this 
theory. As the number of imsaturated groups can be measured by their power to 
add iodine, determinations of the iodine valiu* for the material under physico- 
chemical investigation were started. 

These <*xperiments of Spiegcl-Adolf [1932, 1, 2] had been made on egg- 
lecithin (Merck), Therefore we first determined the iodine value in a colloidal 
solution of egg-lecithin, as we could not find references to the iodine value of 
colloidal k^cithin. In order to exclude the factor of ageing [Spiegel- Adolf, 
1932, 1], a two months-old l(‘cithin ml was used, made in the way previously 
[Spi(‘gel-Adolf, 1932, 2] described. The determinations of the iodine value were 
made according to Hiibl (1924J, after the lecithin had been precipitated by a 
mixture of CaCla, MgClg and HCl. 

The result was an iodine value of 41. Levone and Rolf [1926] obtaiiu'd 47 as 
the iodine value for a lecithin mad(' from egg-yolk by yirecipitation wdth a 
cadmium salt. 

In order to test further th<‘ supposed relation between iodine value and 
reactions to bromides different ways were tried of modifying the iodine value. 

1. Irradiation by ultraviolet light is known to decrease the iodine value of 
lecithin. By exposing samples of I % lecithin sol in quartz; tubes for 4 hours at a 
distance of 40 cm. to the irradiation of a mercury quartz lamp (Haiiovia, 220 
D.C.), it was ix)ssible to reduce the iodine value in another sample from 35 to 30. 
The viscosity showed a slight increase, thus confirming findings of Nagata [1930]. 

A shorter period of irradiation has a lowering influence on the viscosity of the 
lecithin sol. But whilst with the non-irradiated sample, as has been previously 
shown [Spiegel-Adolf, 1932, 1], bromide caused a sharper decline of.the viscosity 
than did chloride, the difference disappeared completely with the irradiated 
sample. Table I shows the values for a typical experiment. 

Table I. 

Viscosity (measured in sec./5) 

^ 1 A ^ Iodine 


Salt 

None 

KOI 

KBr 

value 

Non-irradiated lecithin 

1261 

1076 

1069 


Irradiated lecithin 

1276 

1090 

lOlH) 

30 
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2. A sample of egg-lecithin was iodinated to its maximum capacity, as for 
the determination of the iodine value. The chloroform was removed by evapora- 
tion, and the lecithin was washed till any increase in conductance of the wash 
water had disappeared. In a preliminary test it was ascertained that no further 
iodine could be added, the iodine value having become zero. It was po>ssible to 
make a colloidal solution of this pr(^])aration, the viscosity of which was very 
low. The depressing effects of K(U and KBr were practically identical. Yet a 
higher concentration of KCl caused a still lower viscosity, showing that the lack 
of a sp(»cific effect of bromides on this sol was not due to the fact that the viscosity 
had already reached its lowest limit (Table 11). 

Table II. Viscosity of iodinated lecithin sol. 

McaKiirod in stu*. n. 




Salt c‘onte!it 



Xom* 

0 0.7A’ KCJ 

0 * 0.1 V RBr 

0*1 A KCl 

Lodinatcd lecithin 

8(»9 

803 

864 

850 

Water 

858 


— 


3. Two samples of lecithin and kejihalin from hiimaii brains W(Ti‘ available 
which had been oxidised in a non-evacuat<^d desic(uitor. Their iodine values were 
23 and 22*5 res])ecti\'ely. Levene and Rolf 1 1927 1 had found for brain lecithin an 
iodine value of (il. Tlie reactions of colloidal solutions of these jireparations with 
diffenuit sails as to viscosity and refractivitx' arc summarised in Tables 111 and 
IV. 

Table 111. 

ViBcortity Interferometric* units 

(!nt*asureii in , — ' — a 

nQVH.jC}) Measured C’aleulated DiiTertuiee 

Sm 354 358 4 

UOO 407 412 


Tabic l\'. 

Final kephalin eoneentratiori J Vo, fioal salt <*oiU!('ntjaUon O'O.’iy. For irilerfer(>uH‘trie 
measuromeiitR diluted vcith distilled water 4 times. 






Interferometric 

units 



ViscoHjty 


, — 

' - . , 

^ 



' ---V 

— 

Measured 

Cal<!ulated 

1 )itferem*e 

Salt 

1 

IT 

Ill 

1 

1 

1 

None 

1062 

1054 

1014 

U>9 




KCl 

1000 

1012 

975 

141 

141 

0 

KBr 

l(K)0 

— 

— 

157 

157 

0 

Kl 

1(XI7 

J02I 

- 

195 

194 

-1 

K(^\vS 

1030 

1046 

J007 

J81 

J79 

-2 

Kl+L, 

— 

1078 

- 



— 


These results show no special effect of bromides either on viscosity or on 
refract) vity, but they do show the validity of the Hofnudster 8erk\s. Yet only the 
reaction of human brain lecithin can be used as further confirmation of the above- 
mentioned thc'ory . Only lecithin sol shows a further drop in viscosity on addition 
of a mixture of K1 ~f Ig a.s does the egg-lecithin sol (Table V) ; kephalin sol, on the 
contrary, shows an absolute rise in viscosity. 

As both lecithin and kephalin contain unsaturatod fatty acids, the difference in 
th(dr behaviours may be sought in their different degrees of hydration. In view 
of the recently suggested use of thiocyanates in brain diseases the figures should 


0*5 kephalin \ U-UoA' K(/l 
0*5 Vo kephalin + 0*05 iV KBr 
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Table V. 

Final lecithin conce,ntration final salt coiicmitration 005 A\ For interferometric 

measurements 5 times diluted with distilled water. 



Vi.seosit V 

Intf 

Tferometrie 

units 


.. — *. 

Measured 

OaU'.ulated 

Jlitierence 

Salt 

I 11 

1 

I 

1 

None 

030 






K(3 

880 882 

84 

85 

1 

KHr 

887 

m 

07 

1 

Kl 

880 

— 

— 

— 

KCXS 

882 

— 

— 

— . 

Kl 

870 - 

10 1 

190 

5 


some caution. The suhstitiition of thiocyanates for chlorides may ho 
foll(m(‘(] hy a swelling of the brain in which kephalin prevails quantitatively 
ov(‘r le(‘itlnn [SingiT, 192()1. 

Sr^MMARY. 

'The (*\p(‘riimMits re port (‘d were made in order to test the previously assumed 
r(‘latinn between the number of non-saturated groups in leidthin sol and its 
siM‘(*itie rt^aetion to bromid<*s. Therefore determinations of the iodine value wc're 
iiiadi' (»n various samples of normal, irradiated and iodinated egg-lecithin, and on 
spontaiu‘ously oxidisi'd human lecithin sol and kephalin sol. In the same samjiles 
tlH‘ changes in viscosity and ndVaetion u]>on addition of various salts were 
ol)s<*rv<*d, A marked [parallelism between a <k‘crease of tlii' iodine value and the 
disappt'aranee of a sjH'cifii^ etl(*ct of bromides was found. 
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CCLXXXVIL THE EFFECT OF X-RAYS UPON 
THE METABOLISM AND GROWTH OF 
TRANSPLANTABLE TUMOURS, 

By GEORGE BAN(^ROFT, l.YLE VI BERT 15E0K and 
MARY AMNA RItsHELL. 

Cancer Research Laboratories, Craduate School of Medicine, University 
of Pennsylvania, Philadelphia, Pa. 

(Becek'ed. August I2lh, 1935.) 

The study of the primary action of X-rayKS upon tumour tissue in vivo lias b(*en 
handicapped by the inability to dc^teet small diifenuuH^s in me^tabolism Ix'cause 
of large variations from animal to animal. The small changes in metabolism that 
might indicate a primary effect of radiation could not be (vstimated from irradia- 
tion in vivo. Attempts have been made to avoid this difficulty: for example 
Crabtree [1933] found that continuous radiation with radium produced a lowering 
of the oxygen uptake by tumour slices before any effcc^t on the aerobit^ glycolysis 
was evident. However, in living iissut‘ such radiation may be largc^ly effective 
through indirect means which could not be detected by such a im^thod. We hav’'(' 
found that the metabolisms of two tumours inoculated in similar situations into 
the same animal are very similar and do not show tlu* variations (characteristic 
of tumours in different animals. By shielding oru* tumour from tlu‘ direct action 
of X-rays, it is possible to use this tumour as a control for th(‘ radiatcnl on(\ This 
technique has made it possibh* t o detect small charact eristic ('hang(\sin I'espii'ation 
and glycolysis caused by X-rays. 

EXPEKIMEJs’TAn. 

Two transplantable rat tumours were used in these expcrime‘nts ; Philadel})hia 
1, a fibrotic sarcoma, and Walker 250, a rapidly growing cellular carcinoma. 
A complete histological description of these tumours has bc^cm giv(*n alr(‘ady by 
Waldschmidt-Leitz, McDonald and eo-work(‘rs [1933]: both have betm main- 
tained in the laboratory ov(u* several years by reinoculation and have Ixhmi found 
to be quite consistent in their charact(*jistic growth and histological appt‘aran(‘(\ 
The tumour fragments used for inoculation w(‘r(^ obtained undcT as nearly st(*rile 
conditions as possible immediately aft(T the animal was kilh*d by a blow on the 
head. The tumour was then transhTred to a stiTilc IN tri dish aiul moistened with 
Ringer solution and the healthy portions cut into fragmtmts of apj)roj)riate size. 
For the double inoculations, these pieces were dj\ ided as mvxrly as possible into 
two equal cubes of 1-2 mm.^ and inoculated with a trochar subcutaneously 
into both flanks aft^r sterilising the skin with alcohol. It is imjiortant in this 
coniK'ction that the two jiieces should be nearly identic'al as to size and qualitj" of 
tissue in order that the tumours may grow at the same ratc^. Care should also 1x3 
taken lost tlu' tumour penetrate the body wall, 8inc(3 Crabtr(3C [1929] has shown 
that the m('taboli.sm is much lower in such conditions than it is when inoculated 
subcutaneously. By inoculating fifteen animals, it was usually possible to get 
ten to twelve animals with two tumours that would grow at the same rate. Only 
maltj rats wt ighing 89-120 g., of the Germantown Albino strain, were used and 
tliey were fed on a standard diet consisting of lettuce, bread, a mixture of boih 3 d 

( 2416 ) 
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cereal grains and some milk. The Walk(T 256 tumours were largo enough for 
measurement about 10 days after inoculation and the Philadelphia 1 tumours 
aft^r about 17-20 days. 

Each experinH‘utal animal was weigla^d and the approximate size of tht^ 
tumour measured with cali])t‘r8 every 2-3 days for the Walkei* 256 and every 
3-4 days for the Philadeljdua 1, and drawings were made according to these 
measurements to record the growth. In ordcir to facilitate the tabulation of these 
nuiasurements, tin* area in cn» W7is d(‘t('rmined by means of a Keulfel and EsstT 
planimetc^r. After s(*veral measuniments to make sure that the two tumours were 
growing at af)proximately the* sanu^ rates the animals were subjected to treat- 
ment. Jf there was any slight differenct‘ in size of the two tumours, the larger 
on(' was always irradiated. 

Th(‘ strength of the X-rays us(m 1 w^as mea.surod during radiation by the usual 
ionisation chamber-galvanometer arrangement, the ionisation chamber having 
b(H*n calibrat.('d previously with a standard ionisation chamber as described by 
Taylor and Singf‘r [1930J. It was found aft<*r some experimentation ihat the 
t^)tal dose, of X-rays givt^n ov('r varying periods of time was not as good a 
measure of the strengt h of the X-rays as the saturation method of measurement 
of Pfahler [111281. This method depends upon the fact that the biological effects 
of each dose of X-rays dccreast^ with time, the laU* of decrt^ast‘ following a 
logarithmic curve. When applying successive (h)8<'s,the average effectiveness over 
the period covered by th<^ treatmcuit is not equal to tlu' sum of X-ray units actually 
a{)f)li<'d, but to the av(‘rage of th<* residual effe(‘t.s of the successive doses. For 
example, to maintain a 1('V(*1 of X-rays of 40(1 H, 150 R units wamld b(‘ administcTod 
aft er th(‘ eOeetivt ness of the pn*c<*ding dose had dropped to 350 R. The loss of the 
(‘ff(H*liven(\ss of th<' X-rays was calculated from the eurvo given by Pfahler for 
X-ravs of 127 RV through 3 mm. of aluminium. For radiation, the rats were 
immobilised by wrajiping in (*luH‘S(‘(‘loth, fastened down to inch boards of 
suitabh' siz(^ with drawing pins through the gauze and covenHl with heavy lead 
arclu's through which a hole had been cut slightly larger than the size of the 
tumour to be irradiated. The })osition of the animal was such that the control 
tumour w as well protected hy lead and only a srjiall portion of the body of the 
rat was in the path of the X-ray h(*am through the niuliated tumour. The calibra- 
tion of th(». X-ray a-fiparatus gave a factor of 1*5911 units per minute per cm. 
d(‘llection of the galvanometer. Thus at a dtdlection of 2(1 cm. for 15 minutes the 
animal would receivo 1 -59 x 20 x 15 = 477 R units. 

At the ccaupletion of the X-ray in^at tnents, or after a suitable time, the rat 
W’as stuiUK'd by a blow on the head and hknl from tlie lunh and the tumours wore 
nunoved and covered with Ringer-Loeke solution. Slices were cut immcnliately 
for manometrie determination of the oxygen uptake, K.y. and aerobic glycolysis 
of the two tumours in the Dixon-Keiliii jl933| apparatus. The methods and 
precautions <les(u*ibcd by them a.s modified by Elliott and Schroeder [1934] wore 
followH^d (exactly. At the same time sections were taken from near the periphery 
to correspond as closely as possible with those used in the manometers for 
histological examination. Thes(^ were fixed in Zenker’s solution and then stained 
with haematoxylin and eosin. These sections aft(*r mounting were examined as to 
size and form of cells, relative abundance of tumour cells and the number of cells 
showing mitotic figures. 

In order to check the metabolism of different tumours in the same animal a 
number of experiments were carried out with untreated animals. The results of 
these experiments with the Philadelphia 1 sarcoma and the Walker 256 carcinoma 
are given in Table 1. 
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Table I. Metabolism of sets of two tumours maculated into each animal 

K.Q. - Qa 


Left- 

Pliiladdphia 1 Without glucose (1-77 

Without glucose 0-sr> 

With glucose 0-8(> 

Walker 2/5(5 With glucose 0*vS2 

With glucose (1-79 


Right 

J^oft 

Right 

Left 

Right 

0-7:5 

11-7 

11-2 



0-SI 

JO (> 

I(H> 


— 

o-s:5 

10-2 

JO-4 

20-0 

20-2 

0 so 

11-2 

lO-O 

i;5-2 

12-7 

0 7(> 

IM 

io-:5 

l.VS 

]8-(5 


Elli(3tt and Baker [1935] have shown that there may be an error of 0-03 in the 
R.Q. measurements so the agreement between th(‘ K.g. m('aHur(‘ments may be 
considered satisfactory. The det(‘rmination of the aerobic glycolysis in twin 
tumours does not yield as elos(‘ cheeks as tln^ other measurements and indeed 
Elliott et al. [1935] have found it ditfieult to obtain (‘lose (‘hecks on the aerobic 
glycolysis even from slices tak(‘n from tlu* same turnon ?*. 


Results. 

In Table II, tint (effect of diff(Tent levels of radiation ufion tin* growth and 
metabolism of the Walk(T 25(5 carcinoma is shown. Th(‘ (‘ff(‘et of X-rays s<‘ems 
to be more or less propoHional to th(‘ dose as ealculat(‘d by Pfahkn* s saturation 
method. With the higher l(‘vels of X-ray, th(‘ effect is always a r(*gr(‘ssion in tin* 
size of the tumour and a reduction in the oxygen uptake of tlie tissue* with 
occasional effect upon th(^ R.(^, but without any a])preeiable efF(*el upon tin* 
aerobic glycolysis (Q^). These det(Tminations with tin* liigluT levels of X-ray 
wore made after oonsiclcrable regression had taken plac(‘, so it is not possible to 
say whether the reduction in resjiiration caused th(* r(*du(^tion in growth or rice 
versa. However, in view of Kxps. 22 and 20 in which th(^ rate of growth was 
affected without any significant changes in the metabolism, it se(‘ms probable* 
that the lower oxygen uptake*, ob8erv<*d in tin* otlier cases, was a result of 1h(' 
reduction in growth rather than a causative fa(.‘tor. The pradically com[)l(*t(* 
elimination of tumour (^ells as a result of tlu* radiation in Exps. 25 and 35 w itii tlu^ 
extreme drop in the oxygen uptake as well as tlu* loss of the powtT to glycolys(* 
aerobically should be nested. The cl()S(^ agj‘e(*ment in the tyjx* and (*.\tent of tlu* 
changes in the metabolism between Exps. 14 and 15 and b(*tw (*di 20 and 22 wh(‘n 
treated similarly even though not at the same tinn* show's that it is possibh* to 
obtain consistent results if the (conditions an* maintHiried tlu^ sanu*. 

Although the numlKu* of oxpc*rim(‘nt8 is not sufl[ici(‘ut d(*finitely to establish 
a regular 8e(|uence of evcuits after irradiation. th(*r(* seems to lx? a (‘orrelation 
between the effects on growth and the charaebTistie. changes in tlu* metabolism 
and histology of the tumours. The first histological etfe(*t of radiatioii observed 
in this work was a reduc^tion in the numbf*r of mitoses which was often acujom- 
panied by incomplete* c(^ll division and the formation of large or giant cells. At 
the same time the growth of the radiaRHi tumour was slowecl up but Avithout any 
consistent changes in th<* oxygen uptake or the aerobic gly(?olysis. A reduction 
in the number of tumour cells in any given area followc'd ancl was usually ac- 
companied by cessatkm of growth and a small dccr(*-ase in the oxygen uptake, 
the aerobic glycolysis remaining unaffected. During the last stag(^, the number 
of tumour colls was decreased further and an infiltration of connective tissue 
appeared which gradually smothered the remaining tumour cells. This was 
accompanied by a regression in the size of the tumour, a further reduction in the 
oxygen uptake and a gradual de<*rease in the aerobic glycolysis. 



Table 11. Efficts of X -radiation on Walh r 2~)0 carcinoma. 
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of mitoses from counts of 50 such fields. 

J The figures in parentheses indicate the numbcT of abnormal mitoses. 



Table III. Effects of X-radiation on Philadelphia 1 sarcoma. 
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In preliminary work, even higli doses of X-rays failed to produce much effecit 
upon the metabolism of the Philadelpliia 1 sarcoma. Eiohholtz eA al. [1934] 
reported that subcutaneous injection of insulin seemed to increase the sensitivity 
of certain rat tumours to X-radiation, owing, he believed, to its effect upon the 
glycolysis. Since the aerobic glycolysis is practi(*ally unafftH'ted by X-ray treat- 
ment until after considerable degeiuTation of the tissue has taken place, it aeiunod 
possible that the effect might b<* a r(^sidt of chang(‘s in the blood sugar level wdiicih 
altered the amount of blood sugar available for tumour growth. A set of animals 
therefore was injected subcutaneously with one unit of insulin per kg. 2 hours 
before irradiation. A large' numbei* of blood sugar analyses wert' made, tin' 
blood being taken from the ft*moral artery by means of a small irniision, but no 
consistent correlation wfis found bedween the l)lood sugar level and tlie sensitivity 
of the tumours towards irradiation, ev(*n though tin' amount of stigar was re- 
duced considerably. Moreovt'r, .subcutaru'ous injections of adrenaline arul glucose, 
which raised the lilood sugai' level enormously, did not d(*creas(* the sensitivity 
of the tumours. The results n{ irradiating the tumours of these* two si'ts of animals 
as well as a set of untreated (normal) animals arc Hummaris(*d in Tahiti Ul. 

The effi'cts of different Iev(*ls of radiation upon the Philad('l])hia 1 tumour 
are rather variabh' although, in gcin'ral, tiny are proportional to tin* dose of 
X-rays givi'u. This variability may depimd, in ]>art, uf)on some unknowui factor 
which intluenc(*s the sensitivity. The difference's in sc'nsitivity tuw'ards radiation 
produced by the diffcrt'iit tre'atments of the animals are' not gre'at, but the t'ffect 
of radiation on the* tumours may he' slightly high(.'r fea* the starve*el animals than 
for those' treateel with insulin, anel slightly gre'ate'i* feir the* latli'i* than fe>r the 
normal animals. 

The histological changes seem to folle>w" the same course unele*r the* inffnence* 
of X-rays as w^as showm with the Walke*r 2r>() care’inemm, but tlu' results are' me>re‘ 
indefinite*; the proportion of enlarged cells after irraeliatiem is always smaJk'r, the* 
infiltration of connective tissue is less ])re)nounceel and a eeimplete* elisap[)(*arane*<‘ 
of tumour cells has nev’^er bc'e^n obse'vveei so far evem wit Ji ht'avy dose's e>f X-rays. 

The effect of X-rays uj)e>n the metabolism shows a small but fairly ivgular 
decrease in the oxygen uptake* but no signifie*aiit change in the aeu-obic 

glycolysis e'xcoptin the final stagers oi regression of the* tumeiur. I’lu're is, how*e‘ve‘r, 
an almost constant lowe'ring of the r.q. with the F^hilade'jpliia 1, which is also 
ceinirnon with the Walke.*r 25fi. In Table' III there* are* only tlire*e' apf»ar('nt 
exceptions to this change in the r.q. all eif which aie re aelily unde'rstandable'. In 
Exps. 29 and 42 X-rays bad no ap]»ar(mt ('ffect e'ithe'r on the* growth ov on the 
me*tabolism so that no change in the r.q. woiilel lie exfie'cted. The* u.e^. of Exj>. 23 
was also normal, but since tbe^ histology sheiweel that practiealJy all the tumour 
ot'lls had be'eii ix'place^d by connective tissue cells the e*om[jarison is really be't we'en 
the metabedisms of two different tissues and not betwe'en radiatc'el and nou- 
radiated tumour tissues. 

DrsoussioN. 

Warren [1928] states that the injury to cell strue*tuj‘e‘s of body tissues by 
radiation is rouglily proportional to the amount of radiation administiToel, 
altheiugh the* oxUmt of the injury may vary with eliffere'iit tissues and diffe'rent 
speicies. The effect of radiation upon mitoses and the* formation of enlarged cells 
has been observf^d also by many workers (see, for example, Ludford (1932]). The 
infiltration of conne'ctivc tissue, after radiation by radium has caused consider- 
able damage to the* tumour cells, has been observed by Crabtree. This is in agree- 
ment with the results obtained her<j with X-rays. The aerobic glycolysis seems to 
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be quitci resistant to the action of X-rays or radium (see Crabtree) and is affected 
only after the radiation has caused considerable degeneration of the tumour 
tissue. On the other hand Adler [1930] found a gi’adual increase in the aerobic 
gly(?olyais with small amounts of X-rays. The decrease in the oxygen uptake 
observ(^d also by Cramer after eontinuerl irradiation with radium is pf)ssibly a 
secondary effect. However, the d<‘crea8e in the r.q. which usually occurs when 
there is any effect upon growth seems likely to be an immediate effect of radiation 
and indicates a detinite alU^ration in th<' chemical activity of the (^ell. This 
alteration in the metabolism may be important as a clue to the mechanism of the 
ac^tion of radiation upon cvW mtdabolism. 

St’^mmary. 

1. When two tumours are im]>la.nted in one animal their growth rates and 
mfdaboJisrns usually correspond c]os(‘ly. It has been found practicable to irradiate 
one of such d\if)licat<' tumours and to obs(*rve th(' effects of X-radiation on the 
growth, histology and metabolism of the treated tumour, using the untreated 
tumour as a control. 

2. The s(H|iicnce of histological effects of X-rays seems to be a reduction in 
tlH‘ number (»f mitost's oi’ a formation of (uilarge^d cells, a gradual degeneration of 
tumour cells and finally an infiltration of connective 1issuf‘ which smotlvers the 
remaining c<‘lls. 

3. The a(*robic glycolysis continues unimpaired diiring treatment with X-rays 
until after a very consid^'rable amount of deg(uieration of tissue has occurred. 

4 'Fhen* is a lowc'ring of tlu' oxygen uptake, wJiich may he a set'ondary effect 
of damage done to the tissu(‘s by radiation. 

o. With tlu' Philadelphia 1 sarcoma. X-ray tnnitment always lowers the r.q. 
Since this o(*<‘urs whenever the growth has been affected in the least, it is })ossibly 
a primary (*ffect of X-rays upon the metabolism. 

ff. The Philadelphia 1 sarcoma is much less S(Misitive to the action of X-rays 
than the Walker 25fi carcinoma. Then* ar<‘ mdi(‘ations that 24-hour starvation 
or inj(»ction of insulin increases this stuisitivity although sindi an increase in 
sensitivity <loes n(»t aj)pear to bt' din'ctly as.sociatA^d with a lowered blood sugar 
hnel. 

Tile authors are indebted to Dr K. A. (\ Elliott for his advice and help on the 
manormdric studies and to Dr Ellice McDonald, Director, for his constant 
support throughout this work. 
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Keilik [1929; 1933] has dtmioristrated the important role which cytochrome 
plays in cellular resjiiratioii as carrier between activated oxygen and activated 
substances. Ho has opeiu^d up the possibility of making use of the rati' of (jyto- 
chrome reduction as a mr^asure of intracellular dehydrogenase activities, in much 
the same way in which methylene blui' has been used by Thun berg and his 
associates [1930; Ahlgrcu, 1925] . Keilin has fiirtluT shown that the state of 
oxido-reduction of c\’tochrom(‘ is of value in deciding which pai*t, if any, of the 
indophenol oxidase-cytochrome-dt'hydrogenast' respiratorx^ mechanism is af- 
fected by various T'cspiratorj" inhibitors. For exampU' cyanide, hydrogen sulphide 
and carbon monoxide inhibit riJSpiration hy blocking thci indophenol oxidase 
system whilst the narcotics act by blocking the di'hydrogcnases. 

Beck and Bobin [1934] have found that Fleischmaun's yeast suspended in 
acetate buffers reipiircs a much longer time to reduce cytochrome and oxidation- 
reduction indicators than does yi'ast suspiuided in citrate-phosphate and j>hos- 
phate bufi'ers covering the same range (4-0-“7‘0). In parallel (‘xperirnents on 
yeast vitally stained with methyl red tht‘ acetati' buffers were found to induce 
rapid intracellular acidification whilst the other buffers had no such effect. The 
inhibitory effects of the acetate buffers were therefore attributi'd to intracitlular 
acidification acting on dehydrogenase systems. 

These findings w'ere of sufficient interest to suggest fuithi'r exiK*rinioutatioii, 
to determine, if possible, wluthcr the action of th(‘ acet ate buffers might bt' du(‘ to 
factors other than increase in intracellular acidity. ?]x})(*rirncnts wcji* thendbn^ 
performed in which the fii'st six aliphatic acids were compan'd with om* another 
and with lu’^drochloric and citric acids, the last two agiuits having becui selected 
because of their slow penetration into cells. The acids wi'rt* also compared with 
some of the chemically homologous aldehydes, alcohols and urethanes, as to 
tlu'ir action on cytochrome reduction. The actions of acetic and butyric acids, 
each in the presence and absence of its sodium salt, have been determined with 
particular care, because of the possible bearing of the data on tlu* problem of 
penetration into cells of the salts of penetrating acids. 

Experimental. 

Materials. 

Fleischmann s ycast^ was employed, since Keilin has found that commercial 
yeast constitutes very excellent material for the study of cytochrome oxidation 
and reduction, and since yeast ceils are not injured by external values so 
low (2-0-5 ()) as to be toxic to most cells [Richards, 1932]. 

^ KleiBchm anil's yeast contains more than one strain of yeast and many )>aciUi and cocci, as 
well as starch. The author feels that its use is justified in CApcriiiients of the kind reported in this 
pajier, since consistent results were always obtained. 

( 2424 ) 
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Methods. 

A 10 % by weight suKpensioii of FleiHchraann’s yeast in tap- water was aerates! 
vigorously for 20- 30 min. anrl tlnm kept for 2 hours. Samples for testing 
the rate of cytochrome reduction were prepared in amounts of 4-5 ml. of yeast 
suspension in c^ach of a series of test-tubes. To determine a normal or basic rate of 
cytochrome reduction 0*5 ml. of tap- water was added to the yeast suspension 
in one of the test-tubes. Its contemts were shaken together and poured into a 
small test-tube placed bet^ve^‘n a good source of light and a hand spectroscope. 
The suspension was then aerated in th(‘ small test-tube at a constant pressure 
for exactly 1 min., and the time required to secure reappearance of the D band 
of reduced cytO(*hrome determincHl with a stop-watch. The value so obtained 
is termed the “2-niin.‘’ valu(‘, since approximately 2 min. are required for 
manipulation and aeration. Two hours later this same suspension was tested 
again, iti exactly the same manner, giving another value, called the “2-hour” 
valu(\ By this method, the basic reduction time value.s for different samples were 
fouml to agree satisfactorily with on(‘ another, as may b(‘ seen from the tabh^s. 

The same procedure was employed to t(\st the reaction of the yeast to a given 
clu^niical solution, exc^ept that O-a ml. of a solution of the (*hemical in t(‘n times 
th(‘ desired concemtration was substituted for the 0*5 rnl. of tap-wato. 


of alipJmtic acids and aldehydes on rate of 
cytochrom e red uct ion . 

Tht‘ (‘ff<‘cts on (‘Vtochrome reduction of the six lowc.st fatty acids, HCl and 
citric acid, in (MU and (MKH M conctmtration, arc* showm in Table* I. The com- 
parative effec'ts on (*yto(*hrome reduction of the acids, formic to butyric, and 
their corresponding aldehyde.s, again in 0*01 and 01)01 J/ concentration, are 
show7i in Tables 1 1 and 111. 


Table J. C yiochronie reduction in yeast as affected by i^arious acids. 


S(‘(’<)ndK required to seeure return of I) band of reduced cytoehrome 


t'alucH for yeast exposed to acids in t’alues for yeast exposed 
0-01 M cone. to acid.s in 0*001 J/ cone. 



Values 

^’alucs 

y allies after 

A'alue.s 

yalues 


after 

after 

washing and 

after 

after 

Agent to which yeast 

2-miii. 

2-hour 

addition of 

2-min. 

2- hour 

sample was <‘x posed 

exposure 

exiM)surc 

glucose 

exposure 

exposure 

Controls (tap- water) 

19, 19 

18, 21 

11, - 

19, 24 

28, 28 

Hydrochloric acid 

22 

34 

8 

29 

32 

(Jitric acid 

24 

30 

10 

30 

34 

Formic acid 


(0)t 

9, 10 

10 

30 

28 

Acetic acid 

38 

45 

27 

20 

i^opiouic acid 

i:i 

77 

9 

28 

31 

Butyric acsid 

94 

96 

10 

28 

33 

\'alerio acid 

123 

142 

9 

29 

30 

Hexanoic acid 

123 

154 

14 

28 

38 

Citrate- P ()4 buffer, 
Pr40 

17 

24 

10 

24 

31 


* Formic acid, in 0*01 M concentration, differs markedly from the otlier fatty acids in its 
action on cytochrome, which it brinjijs into a condition where ^v<'ak bands of tlic rt^dui-ed form are 
seen; a condition not affected by long and vigorous ai>ratiou or long jHuiods of standing without 
aeration. 

t The citrate-phosphate buffer was used in 1/10 the standard concentration. 
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Table II. Comparison of aldehydes with fatty acids in their effects 
on cytochrowc reduction. 

JSoconcls re<|uire(l to Hcnire return of D band of reduced cytochrome 

Values* for ycasl exposed to agents ^"aJues* for yf‘a8t exposed 
in (» (M M cone. to agents in 0 001 M cone. 



\'aluf‘s 

Valuer 

X’alues after 

Values 

Values 


after 

after 

washing and 

after 

after 

Agent to which yeast 

2- nun. 

2-hour 

adtlition of 

2-min. 

2-hour 

sample was exposed 

exposure 

e.v])osure 

glucose 

exjKisiire 

ex]H:)sure 

( ‘ontrols (tap-water) 

47 

47 

Xi 

03 

00 

Formaldehyde 

(m 

m 

32 

— 


Acetaldehyde 

ca 

oO 

35 



Acetic acid 

74 

lOS 

33 


-- 

Propaldehyde 

(17 

(>4 

31 

— 


l^opionic acid 

127 

i:ii 

32 

- 


Butyraldehyde 

07 

lOS 

34 

(>S 

71 

Butyric acid 

140 

loO 

34 

77 

73 

Valeraldehyde 

-f 

+ 


— 

70 

00 

Valerie acid 

""•t- 

' ) 


83 

73 


* Ka(‘li value, as given, is the av<‘ragc* to the* nearest whol(‘ number of seconds of thre(‘ si'parate 
determinations. 

t Like formic acid, formakh'liulc in 0 0| 1/ < oncentration brings cvtochroine into a coinlition 
when* weak bands of the n*<lucc<) form an s/‘cii, a condition not affecteii by Jong and vigorous 
aeration or*long periods of .standing v it bout aeration 

J Valeraldehyde is not sutlicicntly solulib* to fiernnt the jireparation of a 0*1 M stock solution, 
as requm‘d by the technique employed uith all the other agent.s, hence no att<*nq>t wa.s made 
to compare valeraldeh\ de with \aUTK and aiul with the lower acids and aldehydes at d-tll J/ 
conceuitration. 


Table III. State meni oj r( faults u ith aldehydes awl avMs, in 0 0 1 M 
co7ic<mf rattan, in terms of relative velocities. 

Aldehydes .Xi'ids 


AgfMltS 


\ ( Jo<'li\ ♦ 
of 

(ytochrome 

reduetion 

o 

u 

inhibition of 
cytochrome 
reduction 

Velocity* 

of 

cytochroim* 

reduction 

(1 

inhibition (»f 
(‘yto(*hrome 
r(‘dnctjon 

( 'ontrols 

2-mjn. valuch 

21 3 



21*3 




2-hour values 

21 3 

— 

21-3 

- 

2-carbon 

2-min. values 

101 

23 

135 

37 

compounds 

2-hour vahu's 

i(;o 

21 

9-3 

50 

3 -carbon 

2-min. valuer's 

140 

30 

7 0 

03 

compounds 

2-hour values 

15*7 

20 

7-0 

04 

4 -carbon 

2-min. values 

10-3 

52 

715 

00 

compounds 

2-hour values 

9*3 

50 

0-3 

70 


* Velocity of cytochrome reduction is defined as J<XK)/V, w here L-no. of seconds required to 
secure return of the D band of reduced eytoehronie (see "Jable Jl), 


Th(* offf^etB of these various agents in 0*0 IJ/ eoiu'entration may be summarised 
as follows. 

{a) J^Virmic aeid and formaldehyde differ from all the other agents in bringing 
cytochrome into a peculiar condition characterised by the appearance of weak 
bands of tht' reduced form. This condition is not affected by vigorous and long- 
continued aeration or by long keeping without aeration. Formic acid acts more 
quickly than does formaldehyde in bringing cytochrome into this condition. 
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(b) The remaining aliphatic acids and aldehydes strongly inhibit cytochrome 
reduction, each of the acids being considerably more t‘.ffectivo than the corre- 
sponding aldehyde. 

(c) The greater the length of the aliphatic (;hain of an acid or aldehyde th(‘ 
greater is its effectiveness in inhibiting cytochrome reduction. 

{d) The aliphatic acids are far more effective' than are the stronger but much 
more slowly penetrating hydrochloric and citric aedds. 

(e) The effects of all theses agents on cytochrome reduction may be compIct('ly 
reversed by thorough washing and addition of the substrate glucost'. 

Th(‘S(' various agents have relatively little effect on cyto(hrome reduction 
when used in ()-(K)13/ concentration. 

Effects of aliphatic alcohols ajid urethanes on rale of cytochrome reduction. 

Tlie alcohols methyl to amyl and the undhanes ethyl, propyl and butyl wen‘ 
tested in 0*0 IJ/ concentration. At this concentration, the urethanes were found 
not to affect cytochroriu* rt^ductiou, whilst of the' alcohols only methyl and ethyl 
had any effe(d, and th(*ir effects wen' a<*celeralion rather than retardation of 
cyt(»chrome reduction. 

Relative penetratious of the various acids info yeast cells. 

SiiKM' the' relativ('ly weak aliphatic acids W('re far more effective in inhibiting 
cvto(dirome reduction than were hydrochloric and citric acids, it was thought of 
interest to coiufiare thcs<‘ various acids, at least ({ualitatively, as to rate and 
d('gree of p(‘net ration into the* yt*ast. This was done by a study of colour changes 
in yeast vitally staiiu'd with pro])yl nnP and then treat (‘d with the various 
acids. 

The b'sts wf*re carried out by adding propyl red in 0 (K)2 % concentration to 
phosphat<' buffer of 0-4. After 3 ruin., samples of the stairu'd y(‘ast w’ere 
i i'iitrifuged, washed onc<‘ with fn'sh citrate-phosjihati' buffcT of 5*4 to remove 
as cornfiU'tidy as possibh' the jiropyl red whicli had failed to penetrate into tht' 
cells and tn*ated with one of the acids m O-Ol, tt tR)33 or O OOIJ/ eoneentration. 
The colour ('hanges in ea^*h sample during the next 10 rain, were noted with 
the naked eye by conijiarison with a control sample of staiiu?d yeast. 

With the cx(*cption of t'ormic, all tin' fatty acjils and in all the ('oncentrations 
employed induced a very rapid change in colour of the stained yi'ast ; this method 
was unsatisfaetory for detecting differences in rate of [)enet!‘ation within the 
series. Formic acid induced a pronounced change in colour when used in 0*01 
coufHuitration and a faint colour <4iange when used in 0*0033J/ i‘ont‘entra.tion. 
Hydrochloric and citric acids in 0*013/ concentration induced a slow faint 
change of colour of the stained yeast, an effect (|uite possibly due to colour 
changes of dye outside the yeast. In the two lower concentrations neither agent 
produced any colour changes in the yeast suspt'nsions. The order of penetration 
of these acids into Fleischmann’s yeast, is, by tliis method : valeric to acetic, 
formic, citric, hydrochloric. 

* Like methyl nsd [ChamlKjrs, 19301, pmpyl rod stains cells only fmm acid media. Propyl red 
is more satisfactory than methyl red for studying acid penetration into yeast cells, since it gives a 
deeper stain, and the fading of its colour is slower. This fading of methyl red and propyl red in the 
presence of yeast has not been observed with other cells, such as marine eggs and amoebae. It 
seems likely that it is the result of an irreversible reduction of these conijjwunds. The effect is not 
reversible vrith oxidising agents, €»g, ferrioyanide. 
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Counteracting effects of N a acetate and Na butyrate on the inhibition of 
cytochrome reduction by acetic acid ami butyric acid respectively. 

In so far as the salts of the fatty acids penetrate^ tluy may be expected to 
buffer the intracellular reaction back towards its original condition and so may 
be expected to counteract in some degrees any part of tfie action of the acids on 
cytochrome reduction due to intracellular acidification. 

Yeast treated with 0 01 if acetic acid was <‘mn])ared with yeast treated with 
O^Olil/ acetic acid -f- 0*03 sodium ac(d.ate and with yeast treated with 0-01 ilf 
acetic acid + 0*09 J/ sodium acetate as to rate of cytochrome rc'duction. The 
principle of keeping the concentration of the acid constant while varying that of 
the salt is adopted from Lillie [1920] and Howard [19321. Tlu^se experiments 
show that as a rule the acid alont^ inhibits cytochronu‘ rc^duction to a greater 
degree than the a(*id plus its sodium salt. This differential effect can be detoct-ed 
within 2 min. after bt^ginning treatment of the yeast with the acid or acid- 
salt solution. In jiart A of Table IV an‘ summariscHl the lesults of a lengthy 
experiment carried out to scumre sufli(‘ient data on this differen(*e for the applica- 
tion of statistical methods. The results of this experiment demonstrate* that the 
observed counteracting efl'cc ts of sodium ae^etate are nejt due* to chane^e. 

An experiment emrried ejut in exactly the same manner with O-OIJ/ butyrie* 
acid, and 0*01 iff butyric aoiel-fsoelium butyrate gave the data shown in sum- 
mary form in jmrt B of Table IV, freiiii which it is evielent that sodium butyraU* 
is considerably more effective in e‘Ounte*raeting butyric acid than is sodium acetate* 
in counteracting acetie; acid. 

Table IV. 


Part A — (Comparison of (a) OOl M acetic acid^ (b) Od)! M acetic acid 4- 0-09 M Xa 
acetate in their effets on cytochrome reduction. 

Part B- -Comparison of (a) 0 0 1 M butyric acUf (b) 0-01 M butyric acid-\-0'09 M 
butyrate in their effects on cytochrome reduction. 

Seconds requimi to secure return of I> 
band of reduced cytochronii' (cac)i value 
for (m) and (6) is the avera^t' of 10 <ieter- 
muiation«i:its standard error) 


Agent to which yeast samples were expos'd 
Part A 

Controls (tap- water) 

0*01 M acetic acid {n) 

0*01 M acetic acid + 0*00 M Na act'tate (/>) 
Differences and standard errors of differem*<*a 
between {a) and {b) 

J*art B 

Controls (tap-water) 

0*01 M butyric acid (a) 

0*01 M butj^rie acid 4 - 0-09 A1 Na butyrate (6) 
Differences and standard errors of differences 
between (a) and {b) 


\'aliu58 for 2 min. 
exposure period 

19 : 1 , 22-0 
I 0-80 
40-14 ^0*73 
:b2;i 1,1*27 


:u*7, :m*8, :i4 i 
1*59 
j 0 89 
23 72 -L 1-83 


\’alues for 2-hour 
exposure period 


29*1, 29*4 
48*07:1 0*37 
40* 13 i 0*32 
7*94 +0*49 


38*0, 40*3, 33*4 
94*10-11*05 
04*07 1:0*91 
30*03 ±1*88 


These results do not establish the mode of aedfon of soditim acetate and 
sodium butyrate in counteract ting the corresponding acids. Th <3 action of the 
salts might be duo, in part or in whole, to any of the ftillowing: (I) the consider- 
ably greater osmotic pressures of the solutions containing both the acid and the 
salt, (IT) the considerable difference in external in the two cases 3-f for 
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0*01 M acetic acid or butyric acid ; pn 6— for O'Ol M acetic or butyric acid plus 
the corresponding salt in 0-09 M concjcnt ration), (HI) utilisation of sodium 
acetate or sodium butyrate as substrate for cytochrome reduction, (IV) p<*ne- 
tration of the salt to a degree sullicient to overc^omci in some degree the 
intracellular acidification inducted by the acid. ExpcTirnents were therefore 
performed to determine to what extent (I), (II) and (III) may account for the 
observed counteracting eff(*cts of the, bitty acid salts. 

(1) considerably gre/iter osmotic pressures of solutions containing both acid 
and salt, Veast was treated with (a) acetic acid, {b) 0*01 Jf acetic acid 

plus 0 09 31 sodium chloride, (r) 0*01 M acetic acid plus 0*09 Jf sodium acc^tate. 
The n'sults of these experinuinls w6Te that rc'dnction tinujs for yeast treated with 
(a) and (b) were id(‘ntical, within the limits of error of the method, wdiilst those 
for yeast treated with (c) weix* consistc^ntly smaller than thost^ for yeast treated 
with (a) or (/>). These experiments therefore ruk' out the difference in osmotic 
prcvssun^ in the two eavses as the responsible* factor. 

( n ) 'The co7isidrrable difff rence in e, eternal p^y hi the tiro cases. Two (*xperiments 
W(n’e perforuK^d to tf*st the (‘ffects of variation in ext(‘rnal pjj on cytochrome 
reduction. In the first of these experime nts the y(‘ast was exposed to citrate- 
phosphate buffers of 3*0, 4 0, 5*0 and 0*0 in l/lO the standard concentrations. 
In the s(‘Con<l exptniiuent the ii\hibiting ageiit ethyliiri‘thane was added in 
con(*entration of 3 ‘‘o to eacli of tin* buffer soliitioiiB. The data secured in these 
tw’o experiments are shown in Table which show that for a treatment period 

Table V. Cytochrcmie reduction in yeast as affected (a) by citrate -phosphate buffers* 
of varying pyy, (b) by 3^!^ ethylurethane in citrate-^diosphate buffers* of varying p^y . 


Sot‘on<l.‘H rc(j aired to secure return of 1) band of 
reduced cy tochrome 


Agent to which yeast samples 

for 2-niiii. 

Values for 2*hour 

Values for 3 -hour 

w'crt* exposed 

expt»sure ]K‘riod 

exposure period 

exposure period 

Controls (tap- water) 

38, 37, 39, 42 

37, 32, 30, — • 

— 

Buffer of pii 3*0 

41, 41 

55, 53 

— 

Buffer of Pu 4-0 

40, 42 

43, 39 

— 

Buffer of Pn 5*0 

38, 41 

38, 37 

— 

Buffer of pu 5*0 

39,41 

34, 33 

— 

Controls (tap- water) 

39, 42, 45, 42 

46, 48, 40, 49 

41, 48, 39, 43 

Urethane in />|^ 3*0 buffer 

iU, 00 

81, 84 

92, 92 

Urethane in pjj 4*<» buffer 

04, 00 

74, 77 

78, 82 

Urethane in pu 5*0 buffer 

00, 02 

09, 72 

00, 08 

Urethane in ji>n IhO buffer 

00, 07 

80, 77 

05, 70 

• citratc-phovHphatc buffers 

were employc'd m 

l/lO the standard 

coneentration. 


of approximately 2 min., variation in the pjj of the external medium over the 
range 3*0~G*0 has no effect on cytochrome reduction; for a treatment period of 
2-'3 hours there is definite inhibithm of cytochrome reduction in the yeast treated 
with the buffers of 3-0 and 4*0. This action is quite possibly due in part at least 
to slow jwnetration of citric acid into the yeast ; the magnitude of tlie difference 
is not nearly so great as that between butyric acid and butyric acid plus its salt, 
but is quite comparable with the difference in action of acetic acid and acetic 
acid plus its salt, 

(III) Utilisation of sodium acetate and sodium, butyrate as substrates for 
cytochrome reduction. Experiments on (a) untreate<i yeast ami (b) yeast tn^ated 
with 0*09 if sodium acetate or sodium but>u‘ate gave the results shown in Table 
VI, from which it is evident that, under the experimental conditions employed 

Bioohem. 1935 xxix 155 
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Table VT. 


Part A — Cytochrome reduction in (a) untreated yeasty {h) ymst exposed to 0*09 M 

sodium acetate. 

Part B — Cytochrome reduction m (a) mvtreMed yeasty (b) yeast exposed to 0*09 M. 

sodium butyrate. 

Seconds required to sec5ure return of 1) band of 
mluoed cytochrome (each value for (<i) and (6) is 
the average of 8 determinations i its standard 
error) 


Agent to vhich yeast samples were exposcfl 
Part A 

(a) Tap- water 
\h) 0*09 M Na acetate 
Differences and standard errors of differences 
between (a) and (/>) 

PartP 

(а) Tap- water 

(б) 0*09 AT Na butyrate 

Differences and standard errors of differences 
between (a) and (b) 


Values for 2-min. 
exposure jxjriod 


41*7d,Ml 
38*4 tM7 
3*3 ±1*61 


42*1 i 0 03 
40-3 ±0*49 
1*8 ±0*8 


Values for 2-hour 
exposure period 

44*6 i 1-14 
41*8d:l*30 
2*8drl*73 


37*3 ±0*32 
36*4 ±0*47 
0*9 ‘ 0*57 


in the acid-salt experiments, it is very unlikely that sodium but>Tate act^jd to 
any appreciable degree as substrate for c\i:oehr<)me reduction, and certainly not 
to an extent sufficient to account for any substantial part- of the sodium butyratt^.- 
counteracting effect. On the other hand, the findings with sodium acetate^ 
suggest possible utilisation of this substance for cytoclirome reduction to an 
extent sufficient to account for at least part of the sodium acetate -counteracting 
effect. 

It should be noted in passing that utilisation of a compound as substrate for 
cytochrome reduction should not be interpreted as indicating non -penetration of 
the compound, but rather the reverse. The reducing mechanisms of the cell are in 
the main intracellular, as sho^vm by the inability of starfish eggs to reduc^e 
non-ponetrating oxidation-reduction indicators unless these are micro-injectc'd 
[Chambers et al.y 1929; 1931] and the inability of yeast to reduce nun-ptmetrating 
indicators [Beck and Robin, 1934]. 


Discussion. 

The comparative ineffectiveness of hydrochloric and citric acids is to be 
attributed to their poor powers of penetration into the colls, it being generally 
known that strongly dissociated acids penetrate cells much less readily than do 
weakly dissociated, lipoid-soluble acids, c.g. the fatty acids. This relation was 
confirmed for the yeast cell by a study of colour changes in yeast vitally stained 
with propyl red and then treated with the various acids. 

The experimental findings indicate that formic acid and formaldehyde act 
on the cytochrome reduction process in a manner quite different from that of any 
of the other agents employed or any of those employed by Keilin. In the presence 
of O-Olilf formic acid cytochrome is immediately, and in the presimco of 0*01 jlf 
formaldehyde eventually, brought into a peculiar condition, in which weak bands 
of the reduced form are present, and in which the cytochrome is resistant both to 
oxidation and reduction. Tentatively these results may be interpreted to indicate 
(a) reaction of formic acid and of formaldehyde with cytochrome, the formic 
acid-oytochroine and the formaldehy<ie-cytochrome complexes both being far 
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more resistant to changes in state of oxidation-reduction than is cytochrome 
itself, or (6) marked inhibition of both oxidase and dehydrogenase systems by 
formic acid and formaldehydi\ 

A comparison of the effects on cytochrome reduction exercised by the remain- 
ing fatty acids and by the corresponding aldehydes, alcohols and urethanes 
indicates that the carbonyl group in combination with an aliphatic chain is 
partly responsible for the inhibitory action exercised by the acids and ^‘ntirely 
responsible for that exercised by the aldehydes. An aliphatic chain in (ombi- 
nation with an alcohol or carbamate group is completely ineffective wlien such 
compounds are used in 0*01 M con(*entration. The manner in which the effective- 
ness of the acids and aldehydes increases with increase in lengf^h of the aliphatic 
chain is entirely analogous to that- found by Warburg [1928J for the action of 
urethanes on respiration, and tlu^ same type of mecthanism may be postulated, 
i.e. blocking of (dehydrogenasi') centres concerned in cytochrome reduction by 
specific adsorption of the acids and aldehydes at these centres. As with the 
urethanes, the adsorption would be considered as increasing with iiicr«.*ase in 
kmgth of the aliphatic chain. The carbonyl group would be considered as a key 
group whoso presence in the molecule is required if it is to be adsorbed, and it 
should bo presc^nt in compounds used as substrates, as well as those which exercise 
an inhibiting effect. 

The greater effectiveness of the fatty acids as compared with th(» corre- 
sponding aldehydes is the only part of the action of the acids attributable to the 
increase in intracellular acidity which they induce. However, this part of the 
total acid inhibition is considerable (see Tables II and 111). 

The eoimteraction of butyric acid by sodium butyrate and of acetic aci<l by 
sodium acetate constitutt‘s additional evidence that part of the inhibitory effects 
of fatty acids on cytochrome reduction is due to the intracellular acidification 
whi(fh they induce. The eounti^racting effect of sodium butyrate can ccTtainly 
not be attributed to differc^nces in osmotic pressure or external or to its 
utilisation os 8ubsti*al<^ for eytoehrome reduction. The most plausible inter- 
pretation of this rapid counteraitiiig effect aj)pears to be that sodium butyrate 
and sodium acetate pimctrak* yi‘ast cells in the presence of the eorri'sponding 
acid at a rate anti to an extt*nt sufheient to overcome in some degrt‘e that portion 
of the inhibitory effects of the acid due to intracellular acidifitjation. This 
interpretation is in atreord with the relatively high penetrating power attributed 
to the sodium salts of rapidly perudrating acids by Smith and Clowes 11924], 
Lillie I192t)] and Howard [19321. For discussion and literature of the salt 
penetration problem the reader is referred to Howard. 

Summary. 

1. A method is described for bringing a 10 % suspension of Fleischmann’s 
yeast into such condition that different control samples give values for rate of 
cytochrome reiluction which agree with one another satisfactorily. 

2. When used in 0*01 M concentration the various agents employed were 
found to have the following effeet« on the behaviour of cytochrome. 

(а) Formic acid and formaldehyde bring cytochrome into a condition where 
weak bands of reduced cytochrome are maintaiued, whether the yeast be 
vigorously aerated or kept for a long time without aeration. 

(б) C^chrome reduction is markedly inhibited, within 2 min. and in a 
completely reversible manner, by the weak but rapidly penetrating aliphatic 
acids, acetic to hexanoic. 


155—2 
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(c) Acetaldehyde, propaldehyde and butyraldehyde also inhibit cytochrome 
reduction, each to a less degree than the oorn'sponding acid. 

(d) The greater the length of its aliphatic chain the more effective is an acid 
or aldehyde in inhibiting cytochrome reduction. 

(e) The very rapidly penetrating alcohols niethjl to amyl and the urethanes 
ethyl, propyl and butyl do not inhibit. cvto(‘hrome reduction when used in this 
concentration (0*01 il/), 

(/) The strong but slowly ptmetrating acids, citric and hydrochlorits inhibit 
cytochrome reduction more slowly and much less than do the aliphatic acids. 

(g) The effects of all of thest* agents may bo completely reversed by washing 
and addition of the substrate glucose. 

3. Employing the same methods, sodium acetate and sodium butyrate were 
found rapidly to counteract in i>a! t the inhibitory action of the corresponding 
acids on cytochrome reduction. 
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CCLXXXIX. THE RESPIRATORY QUOTIENTS 
OF NORMAL AND TUMOUR TISSUE. 


By KENNETH ALLAN CALDWELL ELLIOTT and ZELMA BAKER. 

From the Camer Research Laboratories^ Gradn/ite School of Medicine, 
TJnmrsity of Pennsylvania, Philadelphia , Pa, 

(Received July 6lh, 1935.) 

The rc'spiratory quoti(^uts of slicos of varioiKS tissues hav(‘ been studied by 
manometric iiieth(Kls by a number of workers, and especially by Dickens and 
v^inun’ [1930; 1931J. In the course of work on oth(*r problems many of the results 
of the authors named have boon (‘onfirmed, but in some eases important difFcr- 
ences from their findings have been observed. A large numbi'T of (ixperiments 
have thercfor<^ been made to confirm these agreements and differences and the 
results an^ reported in the pr(‘sent paper. 

Experimental. 

Th(* (liffcTcntial manonu'trie apparatus of Dixon and Keilin 1 1933| was used 
and the technique described by Elliott and Schroeder [1934] followed. Except 
when^ otluTwise stated, th(‘ biearbonatt^- containing medium used was that 
described by Krebs [1932] and it contained 0'24^^o glucose. The (experimental 
period was 90 min. unl(*ss otluTwise specified. The R.Q. is given by the oxprevssion 

whr're h^ is th(‘ nuiding obtained when acid has been tipped into both vessels, 
killing the tissur* and lilxTating total (X). 2 , and k, is the reading given after all 
COg has b(^(n absorbed by alkali, being a dirc(‘t measure of the O.^ uptake. (In 
a normal experiment botli /q and /q negative.) Jcq^ and are the vessel 
constants for oxygen and carbon dioxide. Small errors in ho have a n(.>gligible 
effect on th(^ observed r.q., but. errors in h^ can affei't the value appreciably, 
esp(U‘iaIly when the oxygen uptakes is not v<'ry largtL For this reason a large 
number of l)Iank expcunnuuits w<u*(‘ mad(‘, i.e. (‘xpcrinients for the usual period 
but without tissue. It was found in tht^ majority of cas(\s that there was a 
negative /q reading, usually small but occasionally quite large, up to 2 mm., 
equivalent to 25 /xl, of gas. When the total oxygen uptak(^ is 509p,l., such an 
error would aff(*ct the r.q. by about 0*05. In 33 blank experiments with various 
manometers, th<' Aj reading varied from 0*0 to - 2*0 mm., the mean b(‘ing 
— 0*9 ram., corresponding to 12/xl. of gas. All our r.q. values have betui corrected 
for this mean error, and th(^ limits of error art' shown in the tables. (The actual 
uncorrected value obtained for the r.q. is in ea(‘h ease the lowtT limit of the 
value given in the tables.) It is not understood why this error in h^ should occur, 
or why it is always negative. Experiments in which anhydrous lanolint' was 
placed on the bottom of the vessel showed that this grt'ase absorbed a large 
amount of COg, or it occluded bicarbonate', and the CO^ was only slowly liberated 
by acid. Rubber grease (Lubrisc^al, A. H. Thomas Co.) did not do this and does 
not melt at 37'^ as lanoline does. The use of rubl)er grease throughout appeared 
to give slightly better results, though often an appreciable negative h^ reading 
was still observed. 


( 2433 ) 
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Terms, 

We have employed the term, — , introduced by Warburg to express the 
rate of oxygen uptake, and the term, , as used by Elliott and Schroeder [1934] 
to express the rate of acid formation or glycolysis. and differentiate 
acid formations under aerobic and anaeiobic (conditions. 

Chick embryo, brain, retina. 

With these three tissues, Dickens and Simer found b.q. 1. For the chick 
embryo, Needham [1938] also found r.q. 1, and we have confirmed this result. 
Thus, in two experiments with 4-day chick embryos the results shown in Table I 
were obtained. 

Table T. Four-day chick embryos. 

Dry wt. 



mg. 

-Qo, 

R.Q. 

Qa 

9 large embryos in each vessel 

28-9 

13-3 

0-99 ±0-02 

-t 0-6 

1 1 smaller embryos in each vessel 

17-0 

13-2 

106 ±0-04 

^1-3 


With brain cortex of rats and rabbits, we have not observed an B.(J. as high 
as 1*0 except in one abnormal experiment described below. Table II shows a 
number of the results. As far as possible, puic cortical matter was used and 
the slices were handled as gemtiy as possible. In the last experiment on rabbit 
tissue, which was regarded at/ the time as th(c best experiment, a relatively large 
amount of tissue was used, and the slicces, before introduction into the vessels, 
were drained, not on filter-paper, but on thin glaxt‘d perforatf'd porcelain discs 
with filter-paper underneath the discs. 

Dry wt. Table IT, 

used 

Ji‘ ‘marks 

Rat brain c-orU^x. 

1 25 10-9 0-81 ±003 2-5 

2 21 14*4 0*88 ±0-02 3-2 

o fl4 15-5 0-91 d 0 03 1*3 

\U J31 0*93 t0‘04 3 0 

, (22 14-9 0-86 ±002 1-3 

* (22 10 0 0-78 f0 02 0*1 

« (13 140 0-93 ±003 0-9 

(13 10*4 0*90 ±0 03 5-3 

0 28 13 0 0-87 ±002 1-4 

7 22 15-0 0-84 ±0-03 20 

8 22 15 1 0-86 ±0-02 1-9 

9 22 13-6 0-83 ±0-03 2-8 

a (24 13-2 0-89 ±002 1*9 

10 b • 12 13'3 0*93 ±0-02 2-5 

c (19 7-9 1-(K)±0*04 4 5 

Mean of all except 106 and 10c: 0*86. 


11 

19 

5-4 

0-95 ±0-06 

0-0 

Glucose abHf-nt 

12 

24 

8-2 

0*72 ±0-04 

22 

Glucose absent 

13 

11 

5-4 

0-87 ±0-04 

0-2 

Glucose absent 

14 

16 

— 

— 

13-0 

Anaerobic, glucose present 




Babbit brain cortex. 

15 

16 

8-2 

0-89 ±0-06 

4*2 



lf> 

19 

8-5 

0-83 ±0-05 

4-4 



17 

25 

8-9 

0-95 ±0-04 

1-8 



18 

28 

8-9 

0*85 ±0-04 

1*8 

Best experiment 



Mean 

088 




Krebs medium 
Warburj? medi\im 
Krebs niodiiirn 
Warhurt^ medium 

Krebs medium | 2-hour experimental 
Warburg medium | jieriod 

IJ-hour cxpjri mental p<^riod 

1 ±hour exiK-rimental period 

l±hour experimental period 

5-hour experimental pecriod 

Last 2 liours only of 5 hours’ incubation 
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Ashford and Holmes L1931] obtained results similar to those in Table II 
with rabbit brain in ordinary Ringer solution using the rather crude method 
described by Dixon and Elliott [1929]. With rat brain Himwich et al [1934] 
found the r.q. to be 0*92 using the method of Warburg with phosphate- 
containing medium. 

Dickens and Simer [1931] mention that older rats tend to have a lower brain 
B.Q. ; all animals here used were young and healthy. The Krebs medium generally 
used in this work contains traces of Mg, PO4 and 8O4 as well as the other salts 
present in the bicarbonate medium of Warburg [1926] which was UH(»d by 
Dickens and Simer in their later work [1931]. Several duplicate experiments 
with the two media showed that diflferences in medium could not account for 
the different results. It is interesting to note however that the aerobic glyi^olysis 
or acid formation, Qj ^ , is in every (*ase higher in tht‘ less complete medium of 
Warburg. 

A possible explanation of the results of Dickens and Simer lies in the fact 
that their experimental period was 5 hours. This is suggested by Exp. 10, 
Table II. For this experiment, slices w^ere obtained from four rat brains and 
fair samples taken for (‘ach of three manometers. One of these manometers was 
run for the usual 90 min., using a large amount of tissue to minimise the relative 
effect of experimental errors. The s(‘cond manometer ran for 5 hours and it is 
seen that the average r.q. is definitely higher over the longer period. The tissue 
for the third manomete*r was kept for 3 hours at 37^^ in Krebs medium with 
(>2 CO^ gas mixture bubbling through the medium. The tissue, after having 
be<m rinsed in bicarbonate- free Hing(*r solution in the usual w^ay, was then 
introduced into the vessels of the manometer, and a 2-hour run was made. In 
this case the r.q. was unity. A further interesting observation was made in 
this experiment. With the short period manometer the glycolysis was small and 
the movement of the manometer fluid during the experimental period w^as very 
small. In the 5-hour experiment the manometer fluid scarcely moved for the 
first 3 hours and then starhfd a movcmieiit in the positive direction, indicating 
the onset of glycolysis. With the third manometer, the tissue for which had 
already Ikhui incubated aerobically for 3 hours before introduction, the mano- 
meter fluid started moving at once and the glycolysis was quite considerable. 
It appears therefore that when the tissue is kept for some time, abnormal 
metabolism sets in with higher r.q. and aerobic glycolysis. Rosenthal [1931] 
observed an increast*d anaerobic glycolysis after a preliminary period of aero- 
biosis. Experiments with rat brain in the absence of glucose showed that the 
oxygen uptake was much decreased and the r.q. was variable but not necessarily 
lowered. These results agree with those of Loebel [1925] and of Dickens and 
Greville [1933, 1]. Exp. 14 illustrates th(' well-knowm high anaerobic glycolysis 
of brain tissue [Warburg et al., 1924; Loebel, 1925J. 

For the experiments with retina, the room was darkened and tlie retinas 
extracted under the least possible light. For tw^o experiments (Nos. 4 and 6) 
the manometer vessels were painted black with a suspension of lamp-black in 
shellac. After removing the eyes from the animals they were cut equatorially 
by one snip with fine scissors, the lens was removed and the retina carefully 
dislodged with a thin flattened glass spatula and dropped into Krebs medium 
through which OJCO^ was passing. Immediately before the experiment, the 
tissue was rinsed in oixiinary Ringer solution, drained on thin glazed perforated 
discs, and equal amounts, as judged by eye, were introduced into the two vessels. 
In Table HI, results of the experiments are shown and again it is seen that 
r.q. values of less than unity were obtained. The discrepancy between these 
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results and those of Dickens and Simer may be explained, as with brain, by the 
longer experimental period used by the latter authors, A very high aerobic 
glycolysis was found, as was first observed by Warburg ei al. [1924], In Exp. 3, 
where both Krebs and Warburg media were used, the r.q. were not significantly 
different, nor were the oxygen uptakes, considering the high probability of error 
in determining such small dry weights. The glycolysis in the simpler medium 
however was considerably higher than in the more complete medium of Krebs. 
Warburg et al. [1924] and Kubowitz [1929] consider that the aerobic glycolysis 
found with retina is not normal but is produced by damage ; in this case it would 
seem that use of the Krebs medium results in less of this damage. The same 
would apply to the effects mentioned above wdth brain tissue. In the first three 
experiments of Table III, the movement of the manometer fluid followed an 



Approx, 
no. of 
retinas 

in each Dry wt. 

Table HI. Rat retinas. 



vessel 

mg. 

— 

K.g. 


Remarks 

1 

5 

4-7 

26*4 

(0*70i00.5) 

49*5 

2 hours; Oj uptake too small 
for reliable k.q. 

c> 

18 

6-6 

23-3 

0*89 -LOOS 

37*0 

Kr(‘h.s medium 1 

Warburg medium ) 


i8 

4-7 

20-7 

0*9.3 ±0*04 

49*8 

3 

10 

0-1 

32-6 

0*92 i 0 03 

4.3*8 

2 hours 

4 

11 

8-0 

20-7 

0*91 IiOOa 

29*7 

2 hours 

5 

20 

13-0 

27*9 

0*90 ±0*02 

22*1 

2 hours 

0 

25 

18-(i 

27-5 

Mean 

0*87 1-0*02 

0 91 

20*7 

IJ hours 


almost linear course showing that the rate of glycolysis was almost constant. 
In Exp. 4 the glycolysis fidl off* somewhat and m Exps. 5 and 0, where larger 
amounts of tissue w^ere used, the rate of glycolysis fell off continuously and 
considerably; in the last 30 min. with Exp. 4 the manometer moved only about 
I as much as in the first 30 min. This falling off is reflected in the lower average 
acid formation (QjJ with Exps. 4 and o. This (change in the rate of glyc^olysis 
can searcely be explained by a d(»cr<^ase in the concentration of glucose since in 
all experiments 7*2 mg. glucose were present initially and the total glucose that 
would be removed by glueoJysis varied betwwn 2*1 mg. for Ex}). 1 and 2-7 mg, 
for Exps. 4 and 5. A further 0*4-1 *2 mg. might have beem removed if only 
carbohydrate or lactate* were oxidised, but tlie low r.q. does not indicate this. 
The glycolysis therefore falls off much more rapidly than the glucose concen- 
tration. Further, the bicarbonate concentration in the medium was more than 
sufficient to maintain a normal P|:i . Possiblj^ there is sonu) glycolysis-inhibiting 
substance in the retina which becomt*s (*ff(*ctive when th(*re is a gieater amount 
of rt'tina in the 3 ml. of medium. 

Testis. 

For this tissue Dickens and Simer [1931] found r.q. about 0*9 and results 
shown in Table IV are similar or a little higher. In the absence of glucose the 
respiration is decreased and the R.Q. lowered, and similar results are given by 
Dickens and Greville [1933, 1]. The high anacirobie glycolysis [Warburg, 1927] 
ivS sliowii in one experiment. 

Liver. 

Dickens and Simer [1931] found that the r.q. of liver tissue in bicarbonate- 
Ringer solution varied between 0*55 and 0*76, the lower values being obtained 
with fasting animals, and recently Gemmill and Holmes [1935] gave values 
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Table IV. Testis, 

Dry wt. 
“Jg- 

-Qo, 

R.Q, 

Qk 

Remarks 

14 

i2-4 

0-9J £0-05 

4-8 

— 

31 

11*8 

(>•96 £0-02 

4-3 

— 

18 

IM 

0-92 

60 

1 hour. O 2 uptake too small fdr accuracy 

27 

11*9 

0-95£0-C.3 

4*9 

— 

13 

6-5 

0(i9£()O9 

21 

Glucose absent 

33 

4-7 

() (i9 i 0-05 

M 

Glucose absent 

33 

{Hi 

C*.j7 £0*04 

1-7 

Glucose absent 

17 

— 

— 

13*4 

(Uucose present, anaerobic 

betw'oen 

0*61 

and 0*87 for 

rats on 

a normal diet. Results obtained in this 


laboratory with well -fed aiiiinals are in general higher than those*, ligui’os and 
very fnifjuently jr.q. values of 1 have been obtained. Out of 78 exi)eriment8 
with rats on the normal diet, or especially well-fed, 42 gave r.q. values between 
0*95 and 1*15 and the remainder varied between 0*95 an<l 0*70. The animals 
use<l wcjHi all of the Gk'rmantown albino strain between 3 and 12 months old, 
and they were fed on a standard diet of lettuce, brt‘,ad, boiled mixed cereal 
grains and some milk. It may be mentioned that at first it appeared that a 
very high k.q. was associated with cancer in other parts of the body, with 
pregnancy and with the h(‘aling of wounds, since a long series of r.q. values of 
unity were obtained with the livers of rats in such conditions. This now seems 
to have betui simply coineidomr, and no consistent difforeneijs between normal 
and tumour- b<‘aring animals in the , n.Q or Qy of their livers were found. 
Such high R.Q. valuers could not be r(*gufarly and deliberately induced by special 
feeding. The difll'ereuce between these nvsults and those of the above authors 
makes it seem possible that the metabolism of rat liver tissue may depend to 
somt^ extent on the strain to which the animal belongs, although Dr M. Dixon 
(private communication), w^orking in the same laboratory as Gemmill and 
Holmes, has found liv^er r.q. values of 1. The r.q. was not affected by using the 
Warburg bicarbonate m(*diurn in place of the usual Krebs medium. 

The anaerobic glycolysis of a number of livers was measured. In the case 
of livers with high r.q, the anaerobic glycolysis was rapid, as high as that of 
testis or brain, but usually it fell oft* very quickly. This falling off may be 
associated with the disintegration of the tissues under anaerobic conditions. It 
should be empha.sised that the glycolysis of liver tissue takes place at the expense 
of its glycogcsn stores [Rosenthal and Lasnitzki, 1928: Rosenthal, 1929]. The 
rate of gl^’^coiysis is usually even higher w’hen glucose is absent from the medium 
than wdien it is present. Similarly the r.q. is independent of the prestnice of 
glucose in the medium [see also Dickens and Greville, 1933, 1]. In fasting rats 
both the R.Q. and the glycolysis are low and the livers contain practically no 
glycjgen. With fasting rats the r.q. values observed by us arc lower than those 
of Dickens and Simer. In 11 experiments with livers of normally fed mice one 
value of 0*90 and one of 0*03 were found, the remainder being between 0*49 
and 0*81. A few of the numerous results obtained are shown in Table V. 

Kidney. 

For rat kidney (cortex plus medulla) Dickens and Simer [1930: 1931] gave 
R.Q. values from 6*76 to 0*92, and the results given in Table VI for cortical tissue 
agree wi41 with this. In the absence of glucose the oxygen uptake and r.q. are 
slightly decreased, wliioh is in agreement with the observations of Dickens and 
Greville [1933, IJ. Results very similar to these were also obtained by Shorr 
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ei al, [1930] using phosphate-Ringer solution as medium. Crabtree [1929], using 
phosphate-free Ringer solution, also found a slightly higher Qq^ in the presence 
of glucose. 

Table V. Metabolimn of liver tissue. 







1st 


Exp. Glucose 


K.Q.1 


30 min. 

30 min. 

Normal rat | 


140 

LOO 

L4 

7-7 

2-6 

4- 

12-3 

104 

L4 

8-5 

3-7 

Normal rat | 


1L8 

L05 

2-5 

12-2 

10*7 


120 

103 

30 

9-9 

8-2 

Normal rat j 

1 4 

12-2 

10-5 

L04 

L07 

0'8 

2*2 

1L8 

(5-4 

3-5 

2G 

Normal rat 


120 

ior> 

O'O 

13-4 

2-9 

Normal rat (pregnant) 

- 

12-6 

0-90 

0-G 

10*4 

3*1 

Normal rat 

4 

9-9 

0-80 

2-5 

2-7 

LI 


4 

170 

0-79 

3-2 

— 

— 

4 

15-7 

0*77 

3-9 

— 

— 


4 

14*2 

0-78 

LI 

— 

— 

4 

141 

0-71 

L9 

— 

— 

Normal rat 


130 

0-77 

L4 

4-2 

20 

3-4 

L4 

Rat starved 20 hours 


9-8 

0-40 

2'3 

2 G 

L2 

Rat starved 20 hours 


4-9 

0*48 

LG 

0-2 

2*2 

Rat starved 24 hours 

I; 

12*7 

IM 

0*33 

0*5(» 

2-8 

2'3 

— 

— 

Normal mouse 


16*3 

0*99 

L8 

— 

— 

Normal mouse 

- 

15*4 

0-82 

LO 

— 

— 

Normal mouse 

- 

13'(i 

0‘(i4 

L8 


— 

Normal mouse (pregnant) 

" 

14-8 

0-49 

3-.> 




* These values for appear higher than those of (.leminill au<1 Holmes [HlMot. This is 
probably due to the fact that the dry weights of tissue actually used were determined after each 
experiment. Gem mill and Holmes followed the perhaps more rational method of deducing the dry 
weight from the initial moist weight of the tissue used and the ^\et u eight /dry weiglit ratio of 
a separate sample. 

t Corrected values given. Limits of error due to blank error j 0 02 in all roses. 


Table VI. Kidney cortex. 


Animal 

Glucose 

exps. 

Highest 

Lowest 

Mean 

Highest 

LoA^est 

Mean 

Rabbit 

Present 

9 

lG-6 

1L8 

14*1 

0*92 

0*83 

0*88 

Rabbit 

Absent 

IS 

14*7 

10-4 

12*0 

0*80 

0-72 

0*77 

Kat 

Present 

7 

24*3 

190 

22*5 

0*90 

0*78 

0*85 

Rat 

Absent 

7 

2L5 

17*0 

19*3 

0*84 

0*75 

0*78 


♦ Corrected values given. Limits of error due to blank error -0*03 in all cases. 



Tumours. 

The tumours studied were the Philadelphia No, 1 rat sarc*oma | Waldschmidt- 
Leitz et al., 1933] and the Walker No. 256 carcinoma. The tumours were taken 
16-28 days after implantation and the slices used showed little or no necrosis. 
In Table VII are summarised the results of a largo number of experiments, and 
results of specific experiments on the effect of glucose on the metabolism are 
given in Table VIII. 

With Jensen rat sarcoma and a slow-growing carcinoma, Dickens and Simer 
[1931] obtained mean b.q. values of 0-78 and 0*77 in bicarbonate medium. The 
results here shown are, on the average, distinctly higher and our results differ 
sharply from theirs in that we have found a number of tumours with e.q. values 
of about 1. The tumours showing this type of metabolism appeared quite nonnal. 
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Table VII. Metabolism of rat tumour tissue. 





^o> 


K.Q.* 


e? 



No. of 



Highest Lowest 




Tumour 

Glucose exps. 

Highest Lowest 

Mean 

Mean Highest Lowest 

Mean 

PliOa. 

Present 28 

12-7 

9*9 

10-8 

J'OO 0*72 

0*89t 

17*6 11*3 

14*7 

No. 1 

Absent 20 

14-1 

lO'O 

120 

0-92 0-77 

0*82 

+0*6 -1*5 

-0*5 

Walker 

Present 2 

12*5 

11-3 

11-9 

0*69 0*84 

0*87 

15*9 13*2 

14*6 

No.I^6 

Absent 4 

11-9 

10-3 

11-4 

0-80 0-80 

0*83 

+0-2 -0*7 

-0-2 

* Corrected values civen. Limits of error duo to blank error +003. 




t The distribution of the results was as follows; 






B.Q. 

Over 

0*05 to 0*90 

0-90 to 0-85 0-85 to 0*80 0-80 to 0-75 

0*72 

No, of exps, 7 


5 


6 8 


1 

1 


Table VIII. Effect of glucose > 

0)1 the meiaboUsm of Phiia, No. 1 sarcoma. 



(xluooae 




B.Q. 

Qa 




Absent 


12-5 


0-80 £0*02 

0*0 




0-24 


j 10*2 

1 100 


0-91 i003 

0-94 ±0-03 

14-7] 
10*5 ] 

j- Duplicates 



1-20% 


8*2 


LOO ±0-03 

12*5 




Absent 


fiia 

tlio 


0*82 ±0*03 

0 83 ±002 

-0-6] 

-09j 

^ Duplicates 



0-24% 


jlO-8 
( 9-9 


0*84+0*03 

0*88 ±0-04 

13*8] 
12*9 J 

|- Duplicates 





11-9 


0*80 1 0*04 

17-0 






U-3 


0*92 ±0*03 

10 0 




had bo(ni gf'owing rapidly and showed the usual high aerobic glycolysis. Further, 
ont‘ such tumour was used in the work reported in the preceding paper [Elliott 
el al,f 1935, Table VIII] and the deficiencies in metabolism seemed the same as 
with tumours with a lower r.q. High values of b.q. for tumour tissues have 
recently been reported by Jares [1935]. Using phosphate-buffered Locke solution 
as me(lium he found b.q. 0*99 for a slow-growing Jensen sarcoma, 0*97 for a 
' No. 180 mouse sarcoma, and for the No. 256 carcinoma he gives results up to 
0*95 with a nujan value of 0*89. Dickens and Sirner [1930] themselves observed 
quite high values of b.q. in phosphate-Ringer medium with a slovr-growing rat 
sarcoma (0*97), with the Rous chicken sarcoma (0*92), with a spontaneous mouse 
tumour (0*91) and with a human tumour (0-86). 

It is interesting to note that with Phiia. No. 1 tumour the respiration is 
slightly greater in the absence of glucose than in its presence, but that glucose 
does cause a slight rise in b.q. Those points are shown in Table VIII and in the 
average results in Tabh^ VII. ( Vabtree [1929] also showed increased Og uptake 
in the abstmee of glucose with tar carcinoma 2146 and Jensen rat sarcoma, though 
Dickens and Greville [1933, 1] did not find this. Oabtree drew '‘the tentative 
conclusion that glycolytic activity exerts a significant chocking effect on the 
capacity for respiration of tumour tissue”. The effect of glucose on b.q. would 
suggest that to a certain extent the sugar also replaces other substances as 
respiratory substrate. 

Discussion. 

A summary of the b.q. of the various tissues in the presence of glucose is 
given in Table IX. 

The results here reported agree with those of Dickens and his co-workers in 
many details but in the following important respects the observations differ 
from* those of Dickens and Simer [1930; 1931]. For brain and retina they gave 
B.Q. 1 while our results are lower than this. For liver B.Q. 1 has frequently been 
found which is higher than any reported by other authors. For tumour also 
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Table IX. r.q. in presence of glucose. 


Animal 

Tissue 

No. of 
exp.s. 

r ' ' " 

Highest 

ll.Q. 

. > 

Lowest 

Mean 

Rat 

Brain — grey matter 

13 

0-93 

0-78 

0'80 

Rat 

Retina 

5 

0-96 

0-87 

0-91 

Rat 

Testis 

4 

0-95 

0‘91 

0*94 

Rat 

Kidney cortex 

7 

0-90 

0-78 

0-85 

Rat 

Liver of fed animals 

78 

M5 

0-70 

0*94 

Rat 

Phila. No. 1 sanoma 

28 

LOG 

0-72 

0*89 

Rat 

Walker No. 25b carriiiema 

2 

(»*89 

0-84 

0-87 

Rabbit 

Brain — ^grey matt;er 

4 

0-95 

0-83 

088 

Rabbit 

Kidney cortex 

9 

0-92 

0'85 

0-88 

Mouse 

Ijiver of fed animals 

9 

()-99 

004 

0*78 

Chick 

Embryo 

2 

1*05 

0-99 

1-02 


many of the results here given are higher than thost* of Dickens and Simer and 
again several values of r.q. of about 1 have been found. Donsidoration of their 
results led Dickens and Simer to make the generalisation that all normal tissues 
which showed high glycolytic activity anaerobically respired in the prt‘Hen(*.e of 
oxygen at r.q. 1. The main respiratory activity of such tissues appeared th(*refore 
to consist in carbohydrate combustion, or oxidation of the lactic acid or some 
precursor, whilst under anaerobic conditions lactic acid accumulated. They 
found that tumour tissue, in spite of havdng a very high glycolytic activity, 
respired at a moderately low r.q. and this was adduced as evidence that a 
failure to oxidise carbohydrate (or lactate) was characteristic of tumour tissue. 
The foregoing paper [Elliott et aL, 11K15J shows that tluTe is a deftnit(i failure by 
tumour tissue to oxidise carbohydrate by way of lactate and i/his fits in well 
with the conclusion of Dickens and Simer. Neverthcl(3ss the findings of this 
paper show that consideration of r.q. gives no evidence of abnormal failure of 
tumour tissue to oxidise carbohydrate*. Though the r.q. of most tissues seems 
to vary considerably, Table IX shows that there is no significant diffi^rnnee 
between the mean values for tumour and any other type of adult tissue. Further, 
in several cases with apparently typical tumours, r.q. value>s of about 1 were 
obtained which would indicate carbohydrate oxidation. Oxidation of prot(‘in, 
with NHg as end product instead of urea, involves r.q. about 1, but consideration 
of the determinations of and Elliott el al. [li)35] makes it s(;em 

unlikely that appreciable amounts of a bas(* are being produced, and estimations 
by Dickens and Greville [1933, 2] of formation by the Jensen rat sarcoma 
indicated that very little protein is oxidised wh('n glucose is present. The fact 
that the r.q. of tumour is somewhat higher in the presence of glucovse than in 
its absence also indicates that tumour tissue does oxidise carbohydrate. X(iVor- 
theless, if carbohydrate is oxidised by tumour, the course of breakdown must 
follow^ a route other than that involving lactic acid (Elliott el al., 1935]. 

8fmmary. 

A study of the metabolism of various tissues has been made with particular 
reference to the r.q., and the results obtained differ in important respects from 
those of Dickens and Simer [1930; 1931]. In particular, the r.q. values of brain 
(grey matter) and retina have been found to be kiss than 1, whilst with liver 
and tinnour tissue r.q, values of unity have frequently been observed. The 
main rc^sults are summarised in Table IX. It is concludcid that there is no 
significant difference between the mean r.q. of the different tissues of well-fed 
adult animals and that no evidence for defective carbohydrate oxidation by 
tumours can be adduced from consideration of r.q. 
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CCXC. A MODIFIED KESSLER’S REAGENT FOR 
THE MICRO-DETERMINATION OF UREA IN 
TUNGSTIC ACID BLOOD FILTRATE. 

By JOHN FREDERK'K BARRETT. 

Frcm the CourtmM Institute of Biochemistry, Middlesex Hospital, London, W, L 

(Received September 12th, 1935,) 

The usual method for the determination of urea in blood is to decompose the 
urea with urease and then to remove the liberated ammonia from the solution by 
aeration or distillation. Such processes, (^specially when applied to fingerpricik 
quantities (0*2 ml.) of blood, are laborious and involve the possibility of loss of 
ammonia or the introduction of ammonia present in the reagents. Hence it is 
not surprising that many chemists have attempted to determine the ammonia 
by direct nesslerisation of blood filtrates. Feinblatt [1923] and Karr [1924] 
described micro-methods in which urease was allowTKl to act on whole blood. 
Finally, the ammonia was determined by direct nesslerisation of a trichloroac<*tic 
acid filtrate. Peters and Van Slyke [1932] found that this method gave results from 
2 to 7 mg. of urea per 100 ml. of blood highc^r than those obtained by aeration. 
In this country, Archer and Robb [1925] evolved a similar method, using tungstic 
acid as protein precipitant. 

Such method yield high results, because blood filtrates contain substances 
other than urea or ammonia wdiich giv<‘ an appreciable colour wnth Nessler's 
reagent, and secondly, the final solution becomes turbid on standing for a few^ 
minutes. Van Slyke and Cope [f. Peters and Van Slyke, 1932, p. 935], using a 
zinc filtrate, found that the addition of a little powdc‘red sodium (*itrato <,o t he 
filtratt^ prior to nesslerisation retarded the onset of turbidity and poinit’d out 
that (jitrate, instead of oxalate, should bo used to yu’evcmt coagulation of t>he 
blood. The view advanced in this paper is that the interfering substances, which 
cause the increased colour and the ultimate turbidity of the solution, are reducing 
agents. Nessler's reag(*nt may be considered to be an alkaline metal solution and 
is reduced at room temperature by small quantities of glucose, creatinine and 
other reducing substances present in the blood. Tlu^ addition of N(\ssler*s re- 
agent to a creatinine solution of the conc<*ntration in whicdi it is supposed to 
o(jcur in blood filtrate produces, primarily, a vellow colour. This de^cpens and a 
turbidity graduall}^ appears. Glucose, in blood filtraU' concentration, gives a 
similar reaction. 

Wlien blood filtrate is treated with Nessler’s r(»agent an exactly parallel series 
of changes takes place, i,e, a yellow coloration follow ed in a few minutes by marked 
turbidity. 

R(^ducing substances other than those which occur in blood effect similar 
clianges. Thus, a very dilute solution of formalin shows tlu' same behaviour as 
creatinine or glucose. 

When a suitable oxidising agent such as sodium hypochlorite, sodium per- 
sul][)hate or iodine; is added to Nessler’s reagent, the resulting solution is not 
affect(*d b\ reducing substances. Sodium hypochlorite has been used as the 
oxidising agent in these cxj)eriments. It is probable that the primary action of 

( 2442 ) 
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the oxidising agent is to produce hypoiodous acid from the constituents of the 
Nessler's reagent, because when, after standing, tiie modified reagent has become 
inactive, free iodine can still be detected if the reagent be acidified. 

(jllucose, creatinine and formalin in weak solutions give no colour or tur- 
bidity with the Ncsslcr-hypo(4ilorite reagent. Tungstic acid filtrate, containing a 
small quantity of sodium citrate, when treated with this modified reagent, is 
difficult to distinguish from th(‘ same quantity of water similarly treated. In the 
absence of hypochlorite, a marked change occurs in a few minub^s in blood filtrate 
treated with N easier 's reagent. 

The method described in this paper ret^uircs 0-2 ml. of blood, but the modified 
Nessler's reagent may be^ applied to a 1 in 10 filtrate obtained by treating larger 
quantities of blood with urease. Similarly, ordinary filtrate may be treated with 
buffer and urcas(' and finally iu‘sslerised in the x)rescnce of gum ghatti. Other 
applic*ations are to be found in the nesslerisation of filtrates in which the urea 
has betui hydrolysed by treatment with acid under pressure and in the direct 
dobTinination of urea in urine. 

The urease emy)loyed for the det*oinposition of urea in small quantities of 
bloo<l must be free from ammonia and other substances which affect the colour 
or stability of the final solution. A simple method of preparing purifitnl urease is 
to pr(‘ei])itate it from aqu(‘ous extract of jack bean with dilute acetic acid. The 
pr(M*ipitat<\ centrifug(‘d down and freed from the supernatant liquid containing 
ammonia and otluT impuritie.s, is ready for use when redissolved. 


^ , Method. 

Rmgmls, 

(1) Standard ammonium sulphate containing 1*833 mg. of pure ammonium 
sulphate per 10b ml. This is (joiiveniently pre})ared from a stronger stock 
solution. 


(2) X(‘ssler-hypo<*hlorit<‘ r(*ag(‘nt. Add 0*1 ml. of sodium hypochlorite, con- 
taiiiing 10““13% available ehloriia^, to 20 ml. of Ntsssler's reagent [Koch and 
MeMeekin, 15t241 in a beaker. This solution, whi(‘h is light yellow in colour, 
should be freshly prepared bedbrf^ use. 

(3) 0 *'^^ sodium tungstate. 

(4) AV3 sulphuric a(‘id. 

(3) Sulphate-tungstate mixture. Dissolve 5 g. of anhydrous sodium sulphate 
in water, add 15 mi. of 5^/o sodium tungstate and dilute to 1 litre. 

(t)) Urease solution. Suspend 1 g. of '‘Arleo’'^ jack Iwi^an meal in 50 ml. of 
water. Shake for several minutes and filt(T. If the first few^ drops an* not clear, 
ndurn tlu* filtrate to the paper. This stock solution will keep for several days in 
tlie i*efrigcraior. To prepare* the purified urease*, place 10 ml. of the extract in a 
centrifnge-tube>, adel two drojw of 10 % acetic acid and centrifuge* for a few^ minutes. 
Discard the suyxTnatant fluid and thoroughly mix the residue with about 2 ml. 
of sulphate-tungstate solution. Dilute with the same solutiem to 10 ml. to 
elissolve the unease. 

(7) 1*5 % sodium citrate. 

Procedure, Transfer 1*0 ml. of urease solution to a 15 ml. conical centrifuge- 
tube*. Add 0*2 ml. of blood, washing out the pijxjttc in the solution. Stopper the 
tube and keep it in a beaker of water at 30° for 15 min. Add 5 ml, of water 
and 0*5 ml. of A'/S sulphuric acid. Finally add 0*5 ml. e)f sodium tungstate, mix 
well and centrifuge for 5 min. Using a 5 ml. pipette, which is pressed by the 
finger against the wall of the tube so that the tip of the pipette is about 2 mm. 


» C)btaiaablo from Meaera Baird and Tatlock, Ltd., London. 
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above the protein precipitate, withdraw 5 ml. of clear supernatant fluid and 
transfer it to a 6x 1 in. test-tube. Add 5ml. of water and 0*5 ml. of sodium 
citrate followed by 1 ml, of Nessler-hypochlorite solution. The last reagent should 
be added rapidly whilst rotating the liquid in the tube. Compare the solution 
with the nearer standard in the colorimeter. 

Standards. Transfer 5 and 10 ml. of standard ammonium sulphate to two 
6 X 1 in. tubes and add 5 ml. of water to the first tube. Add citrate and Nessler- 
hypochlorite reagent as to tlu' unknown. 

CalcAilation. If the standard be set at 20 mm. and thf^ rt'ading of the unknown 
be R mm. then 

= of urea per 100 ml. of blood using tht‘ low standard ; 
~~==mg. of ur(‘a per 100 mi. of blood usijig the high standard. 

The following points should be observed : 

(а) Frejsh blood should be employed. Ammonia and products of protein 
digestion develop in blood on standing. 

(б) Solutions should be well cooled prior to iU‘sslerisation. 

(c) If the reading of a blood urea l)e far from that of the nearer standard, 
a more appropriate standard should be prej)arr‘d. It is advisable to repeat such 
determinations, however, using a more suitable quantity of blood. Two standards 
of values 30 and 60 mg. of urea per 1(K) ml. of blood have been employed since, by 
this means, the majority of blood ur(‘as can be detcTiriiiU'd without repetition. 

In Table I are shown figures comparing the direct micro-method with the 
aeration technique [v, Beaumont and Dodds, 1934, p. 418J carried out on 
tungstic acid filtrate. 

Table I. 


Specimen 

A 

B 

C 

I) 

E 

F 


Aeration 

(mg. urea/100 ml. 
of blood) 

19-5 

36-3 

44-7 

61-0 

151 

500 


Direct iicsslcriRation 
(mg. urea/100 ml. 
of blood) 

20-0 

30-5 

450 

61*4 

148 

512 


The recovery of ammonia added to 1 in 10 tungstic acid filtrate is shown in 
Table II. In these experiments 04)75 mg. of ammonia -nitrogen was added to 
5 ml. of blood filtrate, which after ncsslerisation and dilution to 25 ml. was com- 
pared with a standard containing 0*075 mg. of ammonia-nitrogen. It should be 

Table II. 

Colorimetric 

Specimen reading in mm. 

1 19-6 

2 19-8 

3 20-1 

4 19-6 

5 19-9 

6 210 


pointed eiit that urea reduces the colour produced by Nossler’s reagent with 
ammonia. T])is effec t is small with normal levels of blood urtja but in sp€)cimon 6 
the urea was ov(t 500 mg. per KM) mi. of blood. Naturally this urea is removed 
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by urease in an actual determination. The influence of amino-acids and peptones 
[Folin and Wu, 1919] in the filtrate from fresh blood appears to be negligible 
from a clinical viewpoint. 

Taking into account th<i small quantity of ammonia normally present in 
blood, it is seen that the added ammonia is quantitatively recovered within 
experimental error. 

Summary. 

Substances which interfere with direct nesslerisation of blood filtrates are 
reducing substances. Glucose, creatinine and other reducing substances act on 
Nessler’s reagent at room tempcTature producing a yellow solution and ulti- 
mately a turbidity. If an oxidising agent, such as sodium hypochlorite, bo 
added to Nessler’s reagimt, the rcfliicing substances no longer exert their effect. 
Based on this principle, a simple micro-method is describc^d for tht* determination 
of urea in blood. Results obtained by this method agree closely with those 
obtained by aeration. 

I wish to express my thanks to Prof. E. 0. Dodds for his kindness in allowing 
me to carry out this work. 


HEFEHENCE8. 

Archer and tlobb (1925). Quart, J. M((t, 18, 274. 

Beaumont and Dwlda (1934), Hec'ent advanees in medicine. (J. A. Uhurchill, London.) 
Keuiblatl (1923). J , Lab, Clin, M(‘d, 9, (Hi. 

Folin and \Vn (1919). J, Biol, (-hern, 38, 81. 

Karr (1924). J, Lab. ('liv. AJed, 9, 329. 

Koch and MoMwkin (1924). J. Amer. Chnn. Soc. 46, 20(9>. 

PetorH and V'an 8Jyke (1932). (Quantitative clinical chemistry, 2, 540. (Bailli^re, Tindall 
and Cox, Loudon.) 


Biochem. 1935 xxix 


156 



CCXCI. THE FORMATION OF HYDROGEN FROM 
GLUCOSE AND FORMIC ACID BY THE SO-CALLED 
“RESTING” B. COLL II. 

Bv ABEL TASMAN. 

fr(m> the Xafmutl Institute for Public Health, Utrecht, Hollcnid. 

(Received July 26th, PVJ6,) 

In the first comrmmicatioii on this suhji^ct [Tasman and Pot, 10351 a critical 
examination was made of the relevant publications of Stiekland |1929], 
Stephenson and Stickland |1931; 1932: 1933| and Yudkin [1932], and this 
examination was supported partly by tlu'oretical considerations and partly by 
experimental data. As regards the lattt‘r, briefly, Tasman and Pot did not siieet*ed 
in preparing suspensions of B. roll by the method employed by the English 
investigators, which would liberate^ gas in the amuToluc; f(Tnu‘ntatiou of 
glucose but not from sodium formate. If the bacterial suspension in (question was 
prepared by previous cultivation in or on (*aseinogen -peptone, the formation of 
gas (Hg + COg) from both glucose and sodium formate was parallt‘1. 

We also concluded that the hydrogen formed in the fermentation of glucos(* 
originated, in the majority of (?ases, from formic acid produecal as an inter- 
mediate in the decomposition of this sugar. 

Ah a continuation of these qualitative tests, exy)eriments ari^. d(‘S(uibt'd in this 
communication in which the fermentation of glucose, espt‘eially as rc^gards the 
formation of hydrogen and carbim dioxkle, has b(‘en irivestigat<‘d ipiantitatively. 

Kluyver [1931: 1935 1 and his eo- workers, amongst whom Scheffer |1928J 
w’arrants jiartieular mention, have drawn u)) a g(‘n(‘ral r(‘a(dion s(;h(‘m(' for the 
fermentation of glucose by microorganisms of the (*oli-typhosus-dys(‘nterieus 
grouj), which is reproduct‘d below in abbreviate<l form. 


Synopsis of the reactions taking place in the fermentation of glmose by B. coli. 
(Abbreviated according to Scheffer.) 

I ( IlOll-CHOil rHOH 


CHjOH-ClLOU (’HO-CHOa-CHOH-CHO 

Ethik‘T\t' glycol Dihydroxysuecindmldcbytle 



CHaCHCHHaO COOH-CHj-CH:>-COOH HCOOH 
1 Sucemu acid ForrnjcacKi 


CHaCOOFl CHgCHaOH 
A ( otic aoid Ethyl alcohol 


,OH / 

-(•Itj-Cr OH 

OH \ 

OH 

H 


H HCOOH CHj-C— OH {’Hs-CO-(’-OH — ►CHy-CHOH-COoH 

Forrojc acid \ Ltu tit acid 

I OH OH 

1 AccUldolijde liydiiitc MetUnsIvoxiil hydrate 

ri r-^-i 

Hj COj C’HjCOOH ('HyCHjOH CHfll’0--<TK>H p Hi 

Hydrogeu Carbon Acetic acid Elhjl alcohol PyruMcatid 

dioxide ! 


CHs-^CHO 

Acetaldehyde 


{ 2446 ) 


-CHuCHaOH 
Kibyl alcohol 
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A discuKBion of the arguments which have le^d up to this reaction scheme 
wilJ be omitted hen* ; for this reference may be made to the publications of the 
authors mentioned above. Fui'ther discjussion will be limited to a few practical 
(*ons€‘CjU(‘n(ie8. 

Methylglyoxal hydrate, whicjh occupies a central position in this Bch(*me, may 
de(*ompose further in three different ways, namely, by: 

(а) isomerisation to lactic acid; 

(б) decomposition to pyruvic acid and hydrogen; 

(r) fission into formic acid and acetaldehyde hydrate. 

The pyruvic acid mentioned under (h) will break down further into acet- 
ald(‘hyde and carbon dioxide*, after which this acetaldehyde will be reduced to 
ethyl alcohol by tin* hydrogen lib(‘rated in the formation of pyruvic; acid. Jn all 
the; erases we have investigated the fermented substrates have given a negative 
V'ogos-Proskaucr reaction, so that the formation of acetylmethylc;arbinol and 
2:3“butyleneglycol may be* left out of consideration. The decomposition of 
gliHiOso represcnt(‘d und(;r (6) is usually termed the ‘'pyruvic acid scheme*'’. 

If fission of methylglyoxal hydrate takes place ina formic acid (by the so- 
(*al!c;d '‘formic acid scheme’’), a more or less considerable proportion of the 
lattt*r will be decomposed into e(|uivalent amounts of hydrogen and carbon 
dioxide, whilst the ac<'taldehyd(* jiroduced along with the formic acid will be 
(‘onvert<‘d into ('quivalenl amounts of acetic acid and ethyl alcohol. 

If as in alcoholic fermentation the decomposition of glucow; more or less 
follows the “pyruvic acid scheme ”, neither hydrogen and carbon cb oxide nor 
acetic acid and ethyl alcohol will be formed in equivalent (juantities, but the ratio 
of hydrog(*ii to carbon dioxide must be equal to that of acetic acid to alcohol, 
unl(*ss no hydrogen whab'ver is produced. Since in this t^asc; the hydrogen formed 
only 111 the <i(;com position to pyruvic acid is completeij" used up for the redu(;tion 
of a(*(*taidehyde to t*thyl alcohol, th<* surplus alcohol, i.e. the number of g.mols. 
of eth>d alcohol minm the* riumben* of g.mols. of acetic acid, must Ik; equal to the 
number of g.mols. of carbon dioxide formed by file decomposition of pyruvic 
acid, provided that the latter is <‘om]ih*tely decomposed. Since pyruvic acid was 
never encouiitt'rod among the productvS of fermentation, this may be safely assumed. 
From the s(*qu<d it will appear that under certain conditions this is indeed the case. 

Ah regards the formation of succinic acid, it is assumed that this compound is 
produc(*d directly from glucose by decomposition of the sugar molecuh* into two 
shorter (iiains containing two and four carbon atoms respectively. The argu- 
ments for t his method of representation must also be omitted here. 

That this fermentation scheme is a possible one has been shown by the 
various inv estigators. x\t this stage it is not proposed to go any more deeplj" into 
the matter ilian to indicate the two primary requirements of the sc*heme. 

1. The sum of the carbon in the various decomposition products ealcula,ted 
as pmcontages on the carbon originally present in the fermented gluc'ose must 
add up very nearly to 1(K). 

2. Primarily 1 g.mol. of glucose affords 2 g.mol. of methylglyoxal hydrate. 
If the “formic; acid scheme” is followed these 2 g.mol. of methylglyoxal 
hydrate are converted into 2 g.mol, of formic acid and 2 g.mol. of acetaMehyde 
hydrate, from which (assuming that the formic acid is completely decomposed) 
finally, 2 g.mol. each of carbon dioxide, hydrogen, ac*etic acid and alcohol will 
be produced. 

If the “pyruvic acid scheme” is followed, 2 g.mol. of methylglyoxal 
hydrate are converted into 2 g.mol, of pyruvic aciid and 2 g.mol. of hydrogen, 

150—2 
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the pyruvic acid producing subsequently 2 g.mol. of carbon dioxide; the 
hydrogen, as in alcoholic fermentation, is used up in the reduction of acet- 
aldehyde, formed as an intermediate, to ethyl alcohol. 

As a matter of fact, however, the whole of the formic acid is never converted 
into hydi’ogen and carbon dioxide and some can be recovered after the fermenta- 
tion . At the same time , part of the nieth ylglyoxal hydrate is stabilised by conversion 
into lactic acid. The line of thought sketc'hed very briefly above is sufficient to 
allow of the probability of the ‘‘reaction scheme’’ being tt'sted against the 
experimentally observed facets by calculating the quantities of the products ob- 
tained at the conclusion of the experiment to corresponding amounts of hydrogen, 
carbon dioxide and acetaldehyde. If the scheme is correct then these quantities 
must be such that lOOg.mol. of hydrogen, carbon dioxide and acetaldehyde 
must correspond with 50g.mol. of fermented glucose. In this calculation; 

1 g.mol. of unchanged formic acid corresponds to 1 g.mol. of hydrogen jdm 
1 g.mol. of carbon dioxide: 

1 g.mol. of ethyl alcohol will equal 1 g.mol. of acetaldch 3 ’^de plvs 1 g.mol. of 
hj^drogen ; 

1 g.mol. of acetic acid will ecpial 1 g.rnol. of acetaldehyde minus 1 g.mol. of 
hydrogen; 

1 g.mol. of lactic acid will represent 1 g.mol. of a(‘etaldeh 3 Mlo plus 1 g.mol. 
of hydrogen plus 1 g.mol. of carbon dioxide. 

As regards the succinic acid, which occurs in the fermentation, this is (*on- 
sidered to result from the direct degradation of glucose without previous 
phosphorylation. The glucose consumed in this mamier will be prevented from 
taking part in any subsequent fermentation. To teat the correctness of this 
assumption it is necessary for e^ach g. of succinic acid formed to subtract 

^ X 1 g. from the amount of glucose decomposed during fermentation and to con- 
sider the remainder as “fermented glucose*’ in the above calculations. At the 
same time, 1 g.mol. of acetaldehyde for each g.mol. of succinic acid formed must 
be subtracted from the acetaldehyde balance, since acetaldehyde is fornuHl along 
with sucpinic acid and is found in the final producjts of the feririentation cither as 
alcohol or acetic acid, both of which appear in tlu^ acetaldehyde balance. 

It needs hardly to be said that all these considerations only lead to a greater 
or smaller degree of probability of a given reaction -scheme. It is obvious that 
they do not form an exact proof of it. 

For comparison, a few fermentations of glucose wtu-e carried out with growing 
B, coli cultures as well as with suspensions of “resting” B, coli. These fermenta- 
tions took place under strictly anaerobic conditions in a caseinogen -peptone 
solution diluted with twice its volume of 0-5% sodium chloride solution. The 
original, undiluted caseinogen-peptone (again prepared according to Stickland’s 
recipe [see Cole and Onslow, 1931]) presented considerable difficulty in the 
anal^^ses of the fermented substrates. Since these expe^riments were carried out 
exactly as described in detail in earlier work, a reference to the relevant publica- 
tion will suffice [Tasman and Pot, 1935]; here it need on[y be mentioned that 
2% glucose was always used and 2% of previously sterilised chalk was added 
to fix the acids formed during fermentation. 

Fermentations of glucose with B, coli suspensions were carried out as 
follows. 4-00 g. of glucose were weighed out and dissolved in 400 ml. of a 
phosphate buffer solution, 6-2, in a pyrex flask with an external mark at 
750 ml. The flask was closed by a doubly bored rubber stopper carrying a 
dropping funnel with a long stem reaching into the liquid and a rectangularly 
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bent exit tube also fittt^d with a tap. The dropping funnel and the exit tube were 
made germ tight by means of cotton- wool plugs. The contents of the flask were 
sterilised in the usual way for 12 min. at IIS'", the dropping funnel being closed 
and the exit tulx3 open. Directly after sterilisation, the second tap was closed 
and the flask connected, while still hot, to a cylinder of nitrogen. The nitrogen 
was freed completely from oxygen by pa.ssage through alkaline pyrogallol solu- 
tion. Thus during the cooling, the flask filled itself with nitrogen. It was then 
placed in a thermostat- at 40"' and the exit tube connected with a train of three 
calcium chloride^ tubes followed by three tared soda-lime tubes. The gases 
passing from the soda-lime tubes were collected in a measuring cylinder over 
paraffin oil. 

The bacterial cultures were centrifuged, those from liquid media din'ctly, 
and thosf‘ from solid media after previously shaking Avith salt solution, washed 
twice with saline and suspended in 200 mi. of phosphaU‘ buffer solution pre- 
viously boih‘d to free it completely from carbon dioxide. This suspension was then 
introduced into the fermentation flask via the dropping funnel and the bulb of 
th<^ latt<*r washed out with 100 ml. of boiled phosj)hate buffer solution. When 
temperature had reached equilibrium, the paraffin was sucked into the measuring 
cylindcT and the i^onients of the flask were periodically shaken. Fermentation 
of the glm!Ose std in rapidly and wa.s usually (‘oniplete in about 5 hours, during 
whi(4i time usually not more than about 1*8 g. of glucose were fermented. The 
cause of this appears to lie in th(^ fact that the of the buffer solution falls to 
about 4*4-4-9 owing to the formation of the various acids (formic, acetic, lactic, 
sui*cinic) during fermentation. For all pra(?tical purpose's, glucose is no longer 
ferment('d at these low hydrogen ion concentrations. This fact is in complete 
agn'enient with the phenomena observt'd by Stephenson and Stickland. Since, 
however, the id(^a was to obtain glucose fermentation by “resting” £?. coli under 
as nearly as possible? the same conditions a.s in the experiments of Stephenson and 
Sth'kland, the addition of chalk w^as disjiensed with, although without doubt this 
would have ensured tlu' ferrn<'ntation of greater amounts of glucose. Also since 
fermentation took place at different rates in the different experiments, analy.ses of 
the sub.strate wen? alw'ays carrie<l out about 18 hours after the cornmem cement of 
fermentation. 

As regards the methods of analysis employed for the various glucose fermen- 
tations, reference may })e ma<le to an earlier paper on this subject [Tasman and 
Pot, 1934]; attention will bt' drawn here to a few particulars only. 

The mixtures obtained by fermenting with suspensions were first of all freed 
from bacteria before the analysis by centrifuging for an hour. 

In peptone fermentations the total volatile acids (acetic* and formic acids) 
were determined in the way already described, but in fermentations with suspen- 
sions 2(K) ml. of clear, centrifuged liquid were submitted to a fractional steam- 
distillation, in which six 250 ml. fractions were collected and titrated separately, 
the titration of the last fraction giving the blank titration by which each previous 
titration of 250 ml. had to be reduced. The whole six fractions were evaporated 
down to about 50 ml, after the titrations and the formic acid was determined in 
the usual way by the calomel method. 

The ahofiol determination in fermented easeinogen-peptone substrates was 
carried out in liquid which had been previously freed from peptones by precipi- 
tation with phosphotungstic acid, since determinations made in untreated sub- 
strates gave too high results. 

Since phosphoric acid is noticeably soluble in ether, the residue from the steam 
distillation was precipitated with magnesia mixture to free it from phosphates 
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prior to being evaporated down for the determination of lactic and succinic 
acids. 

Lactic acid was determined by the method of Friedemann and Kendall, de- 
tails of which have been published previously, in peptone fermentations, but 
with suspensions the oxalic acid method of Ulzer and Seidel was used [Tasman, 
1932]. 

It is of course obvious that the same limits of accuracy cannot possibly be 
reached in the analytical results on fermentations with suspensions as are obtained 
in the case of fermentations with gi-owing bacteria. In the first case, only about 
1*5 g. of glucose are fermented against 20-35 g. in the second group of fermenta- 
tions. Thus the fact, that in some cases the results arc extremely good and 
the hydrogcn/carbon dioxide and acetic acid/alcohol ratios, for example, are in 
remai’kable agreement, will certainly be due more to accident than to actual 
experimental accuracy. This holds espociall\' for determinations of acetic acid, 
formic acid and carbon dioxide, which certainly do not r<‘ach a high degree of 
accuracy in suspension fermentations. 

Most of the fermentation experiments were (*arri('d out in duplicate. In 
order to save sjjace, however, only one (example of each type of glucose fermen- 
tation will be given. 

I, Fermentation of glucose by growing B. coli in cascinogen-^eptone^ 

These were carried out with strains 1452 and “Stickland", which were always 
kept on caseinogen-pep tone-agar. The results of these expe^riments are collected 
together m Tables I and If. 

A consideration of these results shows that both fermentations agree com- 
pletely with those described by Scheffer for coli and by Tasman and Pot for 
strains of B. paraty'phosus. The fermentation takes pla(.*e chiefly via the “formic 
acid” route, while, more particularly in the case of the fermentation of glucose 
by the “Stickland ” stram, the “pyruvic acid scheme ” is followed to some extent. 
Thus it appears that the hydrogen comes in all probability chietly from formic 
acid formed as an intermediate, along with a small amount from the decomposi- 
tion of methylglyoxal hydrate into pyruvic acid and hydrogen. 

Table I. 

coli 1452. (^rowing m dilute oaseinoKen-fK*j>l(>ne, 

% of carbon in 
the products, 

calculated on g.mol. per 50 g.niol. fermented 
the carbon glucose. 5*54 g. of glucose and 8*9 
present in the g.mol. of ac-etaJdehvde subtracted 
glucose fer- lor each .I'OS g. o^ succinic acid 
Products g. inentod ^ — ^ 


Added glucose 

Glucose recovered 
Fcrrnentied glucose 

3600 

0-02 

36'58 

100 

Hydrogen 

(Wbon 

dioxide 

Acet- 

aldehyde 

Hy<lrogcn 

0*22() 

— 

31-9 

— 



Carbon dioxide 

5-43 

10-1 

— 

36*2 



Acetic acid 

4-88 

13-3 

23-6 



23-6 

Formic acid 

0-232 

0-4 

1-5 

1-5 


Ethyl alcohol 

4-25 

1.5-2 

26-8 



20*8 

Lactic acid 

15-6 

42-7 

50-2 

50*2 

50-2 

Succinic acid 

3-63 

10-J 

— 


- 8*9 


Total 

91-8 

86-8 

87-9 

ei-7 


Hydrogen/carbon dioxide* --0«89. Acetic aoid/cthyl alcohol •=.0*88. 
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Table II. 

B, coli “Stiokland**. Growing in dilute caseinogon- peptone, 
% of carbon 


Products 

g- 

in the products, 
calculated on 
the carbon 
present in the 
glucose fer- 
mented 

g.mol. per 50 g.mol. fermented 
glucose. 1-36 g. of glucose and 3-1 
g.mol. of acetaldehyde subtracted 
for each 0-89 g. of succinic acid 

r ^ , 

Added glucose 

Glucose recovered 
Fermented glucose 

34-60 

11-62 

22-98 

100 

Hydrogen 

Carbon- 

dioxide 

Acet- 

aldehyde 

Hydrogen 

0125 



26-2 





Carbon dioxidtJ 

3-74 

11-9 



35-4 



Acetic acid 

2-98 

13-2 

-20-8 


20-8 

Formic acid 

0-769 

2*2 

7-0 

7-0 



Ethyl alcohol 

3-62 

20-5 

32*5 



32-5 

Lactic acid 

11-0 

47-9 

50-9 

50-9 

50-9 

Succinic, acid 

0-89 

3-7 

— 

— 

- 3-1 


Total 99-4 

95-6 

92-3 

101-1 


Hyflrog(‘n/carbnii dioxide-- 0-74. Acetic acid/ctli v 1 alcohol —0-05, 


For coDipariHon witli those glucose fiTmentations an (^xpcriineiit was carried 
out in J Witte poptoni* solution. In this case strain 3812 was used, which had 
never been cultivated on caseinogen-jieptone (Tables III). 

Table HI. 

B. roll Growing in 1 Witte-})eptouc. 

of carbon in 
the products, 

('alcnlated on g.mol. per 50 g.mol. fermented 
the carbon glucose. ,S'U2 g. of glucose and 6*0 
present in tbo g.inol. of acetaldehyde subtracted 
glucose fer- ivr each J 08 g. of succinic acid 


Produois 

g- 

merited 

, 



^ 

Added glucose 

34-89 





Glueostr recovered 

9-84 



Carbon - 

Acet- 

Fermented glucose 

22-05 

UH) 

Hydrogen 

dioxide 

aldehyde 

Hydrogen 

0-338 

— 

69-0 


— 

Carbon dioxide 

6-47 

17-6 

— 

60-1 

— 

Acetic acid 

7-12 

28-5 

— 48-5 

— 

48-5 

Formic acid 

1-25 

3 3 

IM 

11-1 


Ethyl alcohol 

4-78 

24 9 

42-5 

— 

42-5 

Lactic acid 

3-28 

13-1 

1P9 

14-9 

14-9 

Succinic acid 

1-98 

S-4 


-- 

- 6-9 


Total 

95-8 

89-0 

86-1 

99-0 


Hydrogen/carbon dioxide = 1*15. Acetic acid/ethyl alcohol — I* la. 


From the above it appears that under these conditions the “formic acid 
scheme” is followed exclusively, whilst at the same time the relatively large 
amount of hydrogen and carbon dioxide which is formed is remarkable. Thus 
here the hydrogen is derived probably from the intermediate formic acid. 

It is self-evident in the light of what has previously been stated, that in the 
three fermentation experiments mentioned above the formation of succinic 
acid can be explained by a fission of the glucose molecule into groups containing 
two and four atoms of carbon. 
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II. Fermentation of glv^cose by 'WeMing'* B. coli in a phosphate buffer; the. sus- 
pension prepared by partial anaerobic culture in liquid caseinogen-peptone. 

Subcultures of strains 1452 and ‘'Stickland’’ were made in caseinogen-pep- 
tone. At the end of 24 hours lb bottles of KHIO ml. capacity and each containing 
500 ml. of caseinogen-peptone W6^r(' inocMilated with the subcultures, and after 
about 20 hours a suspension of tins (*ultiire was made in the way mentioned 
previously and used for the glucose fermentation exj)ei'iments, Tlie results of 
these experiments are collected together in Tables IV and V. 

Table l\, 

B. coli 1452. Cultivation: partially anaerobic in liquid caseinogen-peptone. “Rc'ating^' 

B. roll siisptnision in jdiosphate buffer />ji 6-2. 

of carbon in 
the products, 

<‘alcnlated on g.mol. p<‘r 50 g.mol. fermented 
the carbon glucose. 0 40 g. of glucose and 22 
present in the g.mol. of acetaldehyde subtract<‘d 
glucose fer- for each U 32 g. of sucu inic acid 


Products 


mented 



^ 

^ 

Added glucose 

4-00 





Glucose recovered 

2:38 



(Wbon- 

Acet - 

Fermented glucose 

102 

100 

Hydrogen 

dioxide 

aldehyde 

Hydrogen 

OOlU 

— 

41 

— 

— 

Carbon dioxide 

o:3o 

13 

— 

54 

— 

Acetic acid 

017 

10 

- 22 

— 

22 

Formic acid 

0014 

0(» 

“i-4 

2*4 

— 

Ethyl alcohol 

018 

14 

31 

— 

31 

Lactic acid 

0-59 

37 

52 

52 

52 

Succinic acid 

o:32 

20 



- 22 


Total 

94*6 

104*4 

109*4 

83 


Hydrogen/carbon dioxide =0*75. Aeotie acid/ethyl alcohol — 0-72. 


Table V. 

B. coli “Stiekland”. Cultivation: partially anaerobic in liquid caseinogen-peptone. “Hosting** 
B. coli susjiension in phosphate buffer t)-2. 

"o carbon in 
the products, 

calculated on g.mol. jk.'! 5U g.mol. fermented 
the carbon glucose. U-23 g. of glucose and 0*8 
present in the g.mol. of acetaldehyde subtracted 
glucose fer- for eaeii 0*15 g. of sneeinic acid 


Products 

Added glucose 

4*00 

mented 



' 


Glucose recovered 

2*02 



Gar bon- 

Acet- 

Fermented glucose 

1*38 

UH) 

Hydrogen 

dioxide 

aldehyde 

Hydrogen 

00039 

— 

10 





Carbon dioxide 

0*29 

14 

— 

51 

,,, 

Acetic acid 

0*050 

4 

-7*2 


7‘2 

Formic acid 

0*0053 

0*2 

0*9 

0*9 


Ethyl alcohol 

0*15 

14 

25 


25 

Lactic acid 

0*74 

51 

04 

04 

(34 

Succinu* acid 

0*15 

10 

— 


- 9*8 


Total 

93*2 

98*1 

115*9 

80*4 


Hydrogen/fiarlion dioxide =0*29. Acetic acid/ethyl alcohol " 0-29. 


T1k‘ following may be concluded from these results. Strain 1452 in suspen- 
sion, i.e. as “resting’’ B. coli, ferments glucose in practically the same way as 
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when growing bacteria are used and chalk is added to the medium to fix the 
acids which are produced (see Table 1). At the most, rather more is decom- 
posed ac^cording to the pyruvic acid scheme'*. Yet even under these conditions 
it may lx? assumed that the greater part of the evolved hydrogen originates from 
formic acid produced during the fermentation of the glucose. 

On the other hand, the “Stickland *' strain behaves otherwise. Here, appar- 
ently, the “pyruvic acid scheme” predominates, since the ratios hydrogen/ 
carbon dioxide and acetic acid/ethyl al(‘ohol, which are remarkably clo.se^ly equal 
to one another, deviate very considerably from unity. However, since very little 
formi(‘ acid remains in the substrate (compare glucose fermentations with 
aerobically grown cultures discussed below, Tables VII and VHII), it may be 
assuiiKHl that in these glu(;ose fermentations the hydrogen liberated as gas may 
still have its origin in the intermediate product, formic acid. 


III. Fermf'ntationa of gbwose by B. coli in phosphate buffers. 

Suspensions prepared by partially aymerobic culture in 
rasei nogen- peptone plus 7" „ of glucose. 

In connection with the possibility that B. call might be able to ferment glucose 
in am her way if it were “adaptt*d” to tliis purpose beforehand, strain 1452 was 
subcult unnl daily for a fortnight on sk)p(*s of cast'i nogen -peptone -agar to which 
of glucosf^ had been added. A glucose fermentation was carried out with a 
suspiuision of this culture prepared in the usual way by subculture in liquid 
(;as(‘inogen-pcptonc containing 1 of glucose, and the results arc found in 
Table VI. 


Table VJ. 


li. coif ( hibivatifni : before the exjM'rinient the strain was sulK’ultured daily for 14 days on 

eaHeinojj<*n'|)eptone-agar eonlammg gluco.se. A su8|ien8ion wa.s then prepared bj' partial 
atmer(»bie cultivation in li(|uid caMcinogen peptone contamuig 1% ot glucose. Kesting 
7i. coh Husfien.sion in phosphate biitfer Pn 0*2. 


Products 

Added glucose 
(Uueose recovered 
Fermented glucose 

Hydrogen 
('arbon dioxide 
A<*eti(: acid 
Formic acid 
Ethyl alcohol 
Lactic ai'id 
ISuceinic acid 


of carbon in 



the produ<*ts, 
calculated on 
the carbon 
pre.seiit in the 

g.mol. per 

50 g.mol. fermented 


glucose fer- 
mented 

^ 

glucose 

, 

4(H) 

2*«:> 

1(K> 

Hydrogen 

C'arbon- 

dioxidc 

Acet- 

aldehyde 


— 

29 

— 

— 

0022 

11 

— 

34 

— 

0082 

&\ 

- 9-3 

— 

9*3 

00025 

0! 

04 

0 4 

— 

0003 

90 

13 

— 

13 

10 

75 

74 

74 

74 



— 

— 


— 

Total 

1013 

107-1 

Tds i' ’ 

90*3 


Hydrogen /carbon dioxide - 0*84. Acetic acid/ethyl alcohol ,-=:0'70. Pu of fermented liqiiid- 4-41. 


When these figures are compared with those in Table 1\ , in which the corre- 
sponding glucose fermentation was carried out with the same strain which had 
not however been “adapted” to glucose, then the only difference which comes 
to light is the absence of succinic acid from the products of fermentation, while 
approximately twice the usual amount of lactic acid is formed. In agreement with 
this, the other products of fermentationwerefonnd in relatively smaller quantities. 
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In both cases, however, the hydrogen/carbon dioxide and the acetic acid/ 
alcohol ratios arc practically equal, so that here again it may be assumed with 
great probability that the gaseous hydrogen is liberated via formic acid. 

IV. Fermentation of glucose by "'resting'" B. coli in a phosphate buffer. 
Suspension prepared by completely aerobic culture 
on caseinogen-peptom-agar , 

Roux flasks were used for the preparation of the necessary bacterial material, 
each flask containing a layer of solidified caseinogen-peptone-agar (4% agar) 
which was inoculated with a culture in liquid caseinogen-peptone. The results of 
a glucose fermentation carried out with this suspension are given in Table VII. 

Table VII. 

B, coli 1452. Cultivation: completely aerobic culture on caHeinop;en-|Kiptone-agar. ‘‘Resting'’ 
B, coli suspension in phosphate bufter pjj (J‘2. 

of carbon in 
the products, 

calculated on g.nioL 50 g.inol. fermented 
the carbon glucose. 0-0S8 g. of glucose and 5-() 
present in the g.niol. of a(‘etaldehydo subtracted 
glucose fer- for each 0*058 g. of succinic acid 


Products 

g* 

trientt'd 

^ 




Added glucose 

Glucose recovered 
Fermented glucose 

4*00 

:i*ii> 

0*88 

100 

Hydrogen 

Carbon- 

dioxide 

Acet*- 

aldehyde 

Hydrogen 

— 


— 

— 

— 

Carbon dioxide 

0*047 

3*6 

— 

12 

— 

Acetic acid 

0*067 

7*8 

-13 



13 

Formic acid 

0*19 

14 

47 

47 

— 

Ethyl alcohol 

0*10 

18 

25 

— 

25 

Lactic acid 

0*49 

55 

61 

61 

61 

Succinic acid 

0*058 

6*2 

— 

— 

- 5*6 


Total 

104*6 

120 

120 

93*4 


Acetic acid/ethyl alcohol— 049. 

Surplus ethyl alcohol — -— ^^ -0*00317 - 0-00110 =0*00107 g.mol. 

0*047 

Carbon dioxide produced =—^j*-= 0*00 107 g.mol. 

V.P. — reaction negative. 

pjj of the fermented liquid =4*75. 

It is at once obvious that hydrogen formation is completely absent, which is 
contrary to the qualitative experiments described in the first communication (see 
the Table, Exps. 9 and 13, strain 1452). In how fai the undoubtedly difi’erent 
conditions under which these experiments were carried out determined the 
results must be left to conjecture. It may be mentioned here, however, that in 
the series of experiments described previously the formation of hydrogen from 
glucose under these conditions was in no way regular (see Exp. 12 in which the 
bacteria were cultivated on caseinogen-peptone^agar (puriss. Griibler)). 

Against the absence of hydrogen from the fermentation products, a relatively 
large amount of formic acid and a small amount of carbon dioxide must be 
noted. The question naturally arises as to where this carbon dioxide originates, 
Ei’om the fact that this B, coli strain, 1452, under all conditions follows the 
“formic acid scheme’’ to the greater extent, yet at the same time always follows 
the “pyruvic acid scheme ” to a much less extent, it is obvious that the reason for 
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the formation of carbon dioxide in the case in question is to be sought in the 
decomposition of glucose in the latter way. If this supposition is correct, the whole 
of the hydrogen resulting from the decomposition of methylglyoxal hydrate must 
be completely used up in the reduction of a(;etaldohyde to alcohol. Consequently, 
the quantities of carbon dioxide and excess alcohol (i,e. alcohol minus acetic acid) 
formed must be equivalent when expressed in g.rnol. This appears indeed to be 
the (;ase. That these quantities are so nearly equal in this case must of course 
be ascribed to an accidentally very favourable analytical result. 

The fact that the quantities of hydrogen and carbon dioxide occurring in the 
hydrogen-carbon dioxidt'-acetaldehyde balance deviate from 100 is caused in all 
probability by the formic acid determination giving too high results. The amount 
of glucose which undergoes fermentation is so small that the fermentation 
balance, based as it is on th(*He analyses, cannot be very accurate and further 
explanation is unnecessary. 

That so littl(5 glucose is fermented under these conditions readily finds an 
explanation in the fact that the; formic acid formed is not decomposed further so 
that the h\Hlrogen ion (xmeentration falls much more rapidly to the fatal low 
limit than would otherwis<^ be the case, which must again result in still less glucose 
being A'rmentcd. 

V. Fernieviation of glucose by "'rpsting" B. coli in a phmpltate buffer. 

Suspension prepared by complete aerobic ctdture on aiseAnogen- 
peptone plus of sodium fonnate^ 

f'inally, it. was investigated how far a previous ''‘acclimatisation” to formic 
acid under licrobic conditions would enable the bacterial suspension to decompose 

Table VIII. 

Ji, coif 14r>2. (’ultivatioii: bofon* the ox])orinient the Htrain was Hubeultured daily for 14 days on 
casoino^en-peptoTie-agar containing 0 ef sodium formate'. A suspension was then made 
by complett' aerobic cultivation on cascinogen-peptone p/?/# 0-5% sodium formate. “Kesting” 
B. coli suspension in phosphate buffer Pu b-2. 

of earbon in 
the products, 

calculated on g.mol. per 50 g.mol. fermented 
the carbon glucose. 0‘2() g. of glucose and 10 
present in the g.mol. of acetaldehyde subtracted 
glucose fer- for each 0*13 g. of succinic acid 


J^oducts 

g- 

uieiited 

r~ 

' 


Added glucose 

4*00 




Acet- 

(llucose recovered 

:M8 



Carbon- 

Fermented glucose 

0*82 

ItK) 

Ilydrogcn 

dioxide 

aldehyde 

Hydrogen 

— 

2*2 

— - 

8*5 

— 

Carbon dioxide 

0*027 

— 

— 

Acetic acid 

0*080 

9*8 

-20 

— 

20 

Formic acid 

0*19 

15 

59 

69 

— 

Ethyl alcohol 

0*080 

13 

20 

— 

26 

bactic acid 

0*41 

60 

66 

60 

66 

Succinic acid 

0*13 

10 

— 

— 

-16 


Total 

100 

131 

131*5 

96 


Acetic acid/ethyl alcohol— 0*75. 

Surplus ethyl aloohol=^i^ -2^=0 00174 - 0 00133 =0 004rg.mol. 
0*027 

Carbon dioxide produced 0*0001 g.mol. 

Ph the fermented liquid 4*89. 
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glucose with the formation of hydrogen. For this purpose, strain 1462 was sub- 
cultured daily for a fortnight on caseinogen-peptone-agar plus 0*6 % of sodium 
formate and inoculated into Roux flasks containing caseinogen-peptone-agar 
plus 0*5 % of sodium formate via a passing subculture. The result of a fermenta- 
tion carried out with this suspension is given in Table VIII. 

From this result it appears that the “acclimatisation” did not have the 
desired effect. The experiment agiees essentially with those carried out pre- 
viously. In this case also decomposition took place mainly via the “formic acid 
scheme ” and only to a small extent via the “pyruvic acid scheme ”. Here again 
the hydrogen is in all probability used up complett^ly in the reduction of 
acetaldehyde to ethyl alcohol, which follows from the fact that the values for the 
surplus alcohol and carbon dioxide formed are about equal when expressed in 
g.mol. That the agreement in this case is not so close as in the previous exj)eriment 
needs no further explanation. The small amount of glucose undergoing fermenta- 
tion is explained as mentioned earlier. 


Discussion. 

Reviewing the whole of these experiments we find a quantitative confirma- 
tion of the experiments described in the firvSt communication which were oiiK’^ of 
a qualitative nature, and little need be added to the conclusions formulatc'd 
therein. 

In conclusion, as regards the decomposition of glucose by B, coli under anae- 
robic conditions, it may be assumed that in the majority of cases this decom- 
position takes place via the “formic acid scheme” and the hydrogen liberated in 
the gaseous state is formed mainly by the decomposition of formic acid produced 
as an intermediate. Only in a few cases does the decomposition of glucose via the 
“pyruvic acid scheme ” occur to a preponderating extent. The same remarks hold 
for fermentations of glucose both with living reproductive B. coli and in thovse 
cases where the glucose was fermented in a phos{)bate buffer at 6*2 with a 
suspension of “resting” B. coli. All the phenomena observed are in agreenu^nt 
with the reaction scheme put forward by Kluyver, Scheffer et ah, for the fermcui- 
tation of glucose by members of the coli-typhosus-dysentericus group. 


Summary. 

1. In connection with experiments on the formation of hydrogen and 
carbon dioxide in the fermentation of glucose by “resting” B, coli, which 
have been described in an earlier paper, experiments are described in the 
present communication in which glucose has been fermented under anaerobic 
conditions both by living reproductive B. coli and with suspensions of “resting” 
B. coli. 

2. In the majority of cases, the glucose is decomposed mainly in conformity 
with the so-called “formic acid scheme”, showing that in all probability the 
gaseous hydrogen produced in these cases is formed by the decomposition of 
formic acid, occurring as an intermediate, into equivalent amounts of hj^drogen 
and carbon dioxide. 

3. Only in a few cases is the glucose decomposed mainly in accordance with 
the so-called “pyruvic acid scheme”. This is expressed in the fact that although 
the ratios hydrogen/carbon dioxide and acetic acid/alcohol are equal, they 
deviate considerably from unity. 
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4. All the observed facts appear to be in agreement with the reaction scheme 
for the fermentation of glucose put forward by Kluyver, Scheffer and their co- 
workers. 

Finally, a word of thanks must be expressed to Dr A. W. Pot, who has very 
ably collaborated with me during the carrying out of this investigation. 
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{Received September 17th, 1935,) 

Introduction. 

In previous work [Philpot and Eriksson-Quensel, 1033| the behavioiu’ of 
crystalline pepsin in the iiltraceiitrifuge was shown to that of a homogeneous 
substance of molecular weight about 35,000, with approximat(‘ly spherical 
molecules. The work has now been extended to (;over pepsin which has bet*n 
inactivated by alkali. 

The facts already known about alkaline inactivation aie as follows [Northrop, 
1930; Goulding et al,, 1927]: 

(1) The change is very slow at pjj (> and increases in speed with pj^ until at 
2)ij 9 it is practically instantaneous. 

(2) Under the conditions used by Goulding et al, and by Northrop a definite 

fraction of the activity disappears instantaneously even at and this fraction 

increases with . 

(3) When the pj^ is brought back to below 0, iij) to 10 % of the original 
activity can be restored. The optimum for this reactivation is 5-4 [Northrop, 
1931]. ‘ 

(4) Inactive pepsin is rapidly digested by active pe})sin. This is probably one 
reason for the incompleteness of the reactivation. 

The study of the changes in sedimentation constant aecom]mn\ing the above 
changes is complicated by the fact that the solution in tho‘ ultracentrifuge is 
exposed for 1-3 hours to a temiieraturo rising to 30-35' during the jKU’iod of 
measurement. This makes it impracticable to distinguish "slow ’ from "in- 
stantaneoiis’’ inactivation at a where both ar(‘ vsupposixl to occur; it is only 
possible to study the final result of the two pro(*(^ss(vs and its dependence on . 
It is also impracticable to study a solution containing a mixture of active and in- 
active pepsin at wdiere digestion can occur. Further there is the problem of 
obtaining reproducible specimens of pepsin. DifiFertTit ones used in this WT)rk had 
sedimentation constants varying from 2-9 xlO*-!^ to 3*7xl0'-i^. They must, 
therefore, have been slightly* inhomogeneous, though this was not' always 
apparent in the ultracentrifuge since? with such small molecules slight inhomo- 
geneity is obscured by diffusion. Also, although all the speijimens we?re very well 
crystallised, the peptic activity as measured by the haemioglobin method varied 
betw^een 60 and 80 % of the highest activity recorded by Northrop. Nevertheless 
it has been possible to observe certain definite phenomena which seem wortli 
recording, 

Expebimjsntal. 

Ultracentrifuge, The work was done in Svedberg s laboratory at Upsala, using 
his oil-turbine ultracentrifuge [Svedberg, 1934], with the light absorption 
medhod of recording the sedimentation. 

( 2458 ) 
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Preparation of pepsin. The crystalline pepsin was obtained by procedures 
slightly modified from that of Northrop [1930], Each preparation had a slightly 
different history, as continual efforts were being made to improve the method. 
These intentional variations, together with unavoidable accidental ones, 
probably a(?coimt for the variations in the final product which have already been 
mentioned. A perfect method of preparation has yet to be found, Imt the most 
promising one tried so far is as follows. 

First cry stallualion. Dissolvt*, 100 g. Parke -Da vis pepsin (1 : 10,000) in 100 ml. 
HgO and add ItK) ml. N H28O4. Filter through a large finest grade sint<^red Jena 
glass filter (“26G4”) to remove traces of an insoluble slimy substance. Add 
200 ml. saturated MgS()| through a capillary at a rate of 2 drops per second, 
using rapid mechanical stirring. (The slow regular addition gives a coarse 
granular precipitate which filters very easily.) FilttT as above, removing as much 
moth(‘r-li(|uor as possible without letting the precipitate become dry. The moist 
preci[>itat(' weighs 50 70 g. according to the batch of starting material. Dissolve 
llic ])re(dpitate, without washing, in a minimum V7)lume of dUuk? acetate buffer 
(0105 M CHjj.COOH, 0*05 Jf NaOH, Ph volume required (ml.) is 

slightly l('ss than the weight of f)re(‘ipitat(^ (g.). Filter and leave to erystallise 
at j*oom t(unpcTature, stirring in (‘chanically at a rate just sufficient to prevent 
the (‘lystals from settling out. Crystallisation is eoinx)lete after 5~f> days: yield 
10~1S g. moist crystals. The crystallisation can hastened by using a higher 
t(‘iup(‘ratur(‘ (e.{/. 37") but there is more; deeom])osition. If the solution is not 
stirred it will d(‘})osit p(‘rleet crystals (about 1 mm. long) visible to the naked 
eye (sonu^ offhest' crystals were given to Jlernal and Crowfoot |1934] for X-ray 
examination): but it will take a v<'rv long time to complete the crystallisation 
aiul the (jrystals will be stuck to the walls of the vessel. 

/Vf rrysfaIJisafion . vStir tin* moist e.rystals at room temperatur<‘ for half an hour 
with ac'ctate bulier of the sann* composition as above, but ten times as strong 
{i.f\ J-<)5 jy CH;pCOOH, 0-5 jy NaOH), using a volume of buffer (ml.) <‘qual to 1*2 
times the wt‘ighl of moist crystals (g.). Filter from the uiidissolved matter, wliieh 
should be vtTv little. A<id slowly, with stirring, a voluini* of A'llgSO^ equal to 
(t tr> tiim^s t he volume of biithu* tak(‘ii. There should h(‘ no }»ennaiient precipitate : 
if tlu*re is the solution must be filtered and the residue discarded. Leave 
the ch^ar solution to erystallise for 3 days at room temperature with slow 
nKJchanioal st irring. Yif^ld about 59%. Some ol’ the pepsin used in the ultra- 
centrifuge exp(‘iim(*nt'S had been recrystallised 2-3 times, using the same dilute 
buffer as in tlie fir.st crystallisation. The use of stronger buffer was introduced 
in order to obtain a pepsin concentration ecputl to that in the first crystallisa- 
tion. Recrystallisation does not always increase the homogeneity or the 
sjiecifie activity and may even diHTcase it. The final product was sometimes 
dialysed against distilled 'watCT or dilute buffer to remove non-centrifugible 
matter. 

j)ji control. Atypical experiment involved bringing the p^ from 4*6 to 9 and 
back to 4-6 again. In doing this a compromise was made between the following 
mutually antagonistic principles : 

( 1 ) The solution used for changing the pjj must differ in as little as possible 
from the final value for the mixture. This is to avoid local extremes of p^ during 
mixing with possible production of irreversible changes in the protein. 

(2) The buffer concentration in the final mixture must be low enough to 
avoid large corrections for viscosity and density in calculating the sedimentation 
constant, because the final concentration of each form of buffer ea,nnot always be 
accurately estimated. 
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(3) At all stages the buffer concentration must be high enough for the to 
be easily controllable. 

In practice the of the added buffer differed fi’om the value after mixing 
by about 0*5 unit, and the mixing was done as rapidly as possible by pouring 
from one test-tube to another. The final total buffer concentrations were about 
0*lilf . The measured was usually within 0-3 of that calculated by approxi- 
mate equations, whilst the correction for viscosity and density was from 1 to 6 % 
of the sedimentation constant. The buffers used were acetate, jdiosphate and 
borate, according to the pjj . In calculating the quantity of buffer required to 
change the , allowance was made for other buffers present in the solution, but 
not for the protein since its concentration was very low (about 01%). Tlippn 
values recorded were obtained by measurement with a hydrogen or glass elec- 
trode, or were calculated, in which case the uncertainty probably does not 
exceed 0*3 unit. 

Results. 

1, The variation of sedimentation constant with pjj . Pepsin solutions were 
brought to various valutas and ultraccmtrifiiged at once. The measured 
sedimentation constant corresponds therefore to the condition of the substance 
after 1-2 hours at this pjj. The results are shown in Fig. 1. The data are in- 



Fig. 1. The variation of sedimentation constant of pepsin with pjj. 

complete; but there is no doubt that in the region 7-11 the sedimentation con- 
stant falls with increasing p ^ . At p^ 6-7, the region of “ slow ’’ inactivation, two 
different spt^cimens gave quite different results. The curve has therefore been 
left undrawn in this region, as it requires much more detailed study. Even os 







Fig. 2. Sedimentation diagramB of pepsin (for explanation see text), ci, at pn 11; 6, al p^j 5; 
r, at pn 4*0 after standing at pn &7 for 10 min.; at pn 4*6 after standing at 6 7 over- 
night: e, at p„ 4-5 after sending at pH ^ f'tir 10 min,; /, at Pn 4 0 after standing at pn 0 
for 10 min. 
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far as 11 the protc'in remains surprisingly homogeneous, as shown by the 
sedimentation diagram in Fig. 2a. For comparison Fig. 26 shows pepsin at 
Pjj 5*0 where no alkaline inactivation occurs. For contrast Fig. 2c shows a very 
inhomogeneous preparation w hich w ill In' described later . 

These sedimentation diagrams are obtained by photographing tlu' solution in 
the ultracentrifugo with ultraviolet light at a series of instants from the start of 
sedimentation. The photographs aie converted by riK^ans of a micro photometer 
into curves of which the abscissae are radial distances inside the ultracentrtfugc 
cell and the ordinates are con(‘(*ntrations. The scales of ordinates and abscissae 
are arbitrary. If the protein is homogeneous tluu*e will be a sharp sedimentation 
boundary which will appt'ar in each curve as a sU'c^p S-shaped portion with a 
nearly horizontal lower portion, (Vmversely a curve* rising gently the whole way 
indicates inhomogeneity. 

2. The. variation of sedhnenUition constant with final p^/ of pepsin initially 
brought to pj^ 9. Pepsin w'as brought to p^ 9 ancl left for 1() min. at room 
temperature, which is sufficient for coinpl(*te inactivation. It was thcui brought 
back to apjj value ranging from 3*8 to 4*9. In Fig. 3 the*, sedimentation constant 

SxIO'^ 



Final 7>i| 


Fi^. It. iTho variation of sedimentation constanf with final y>j| ot pepsin initially brought to />h 9. 
INunts bracketed togethei roprosont ooinpoucnts oo-ovisf in*i in solution. 


is plotted against the final p ^^ . At final 4*9 the sedimentation constant is 
slightly lower than that of normal pc^psin. At final p^^ 4*8 about 30% is trans- 
formed into molecules having a sedimentation constant nearly four times that 
of noirnal pepsin. At final 4*7 the transformation is nearly eonifilett^. The 
sedimentation constant then rises with falling final . There is pronounced in- 
homogeneity over the whole range, as is shown for instance in Fig, 2e, which 
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represents pepsin at a final pjj of 4 * 5 . At final 4*0 there are three distiiu't 
components, as is shown in Fig. 2 f ; their sedimentation constants are respectively 
about 10, 20 and 25 times that of normal pepsin. This is the last stage before 
precipitation, whivh is complete at final 3 * 8 . 

3. The variation of Hedimentalion constant with initial p^ of pe,psin finally 
brought to 4*5. Pepsin was kept at pjj values betwofm 6*7 and 1 1 *0 for 10 min. 
and them brought to 4*5, The results are shown in Fig. 4. Between initial 





Fijtr. 4. 'Dio varialiun of nedimf^ntHtion constant with initial of |>opHiu finally l)^ou^^ht to pn 4-5. 

Points bracketed together represent components eo-existing in solution. The point enclosed 

in a bra<'ket was obtained on standing at the initial py overnight inste^ad of for 10 min. 

pjj 7*9 and 11 the final sedimentation constant is surprisingly constant, being 
about 10 times that of normal pepsin. As the initial pjj falls an increasing portion 
of the material suffers a fall inst(‘ad of a rise in sedimentation constant and be- 
comes very inhomogeneous. This portion is about 16% at initial 7*9 and 
ris<‘s to 100 at initial pjj 6*7 evtm if the final is as low as 3*8. However, if 
the pepsin is left at initial pjj 6*7 overnight the transformation to the higher 
sedimentation constant on bringing to pj^ 4*5 is coiufilete. Fig. 2c shows the 
(effect of 10 min. at initial 7 ?^ ()*7. Not only is the moan sedimentation constant 
low, but th(' product is very inhomogeneous, probably through digestion of 
inactive by active pepsin. Fig. 2 d shows the eff<*ct of 24 hours at initial 7 j,j 6*7. 
The sedimentation constant is now much higher (the curve was obtained at a 
much lower rotational velocity). 

Discission. 

The most surprising thing about the results here described is the homo- 
geneity of alkali-inactivated pepsin. The inactivation is regardc‘d by Northrop 
as a ease of alkaline deuaturation, but this is usually aeeomyiauied by the pro- 
duction of marked inhomogeneity. It might bc' blotter to say that alkali eonvcTts 
pepsin into another protein whicii is more easily denatured by acid, since the 
substance formed on returning to pjt 4*5 is sufficiently inhomogeneous to Ix' so 
regarded. The p^^ at which this ‘*acid deuaturation’' of alkaline pi^psin begins, 
namedy 4*8, is close to that found by Northrop [1931] to be the optimum for 
reactivation, namely 5 * 4 . The optimum may therefore mean that rea(*tivation 
can only proceed if the protein has not undergone “acid deuaturation “ ; but it 
may merely be due to the more rapid digestion of inactive by active pepsin at 
lower pjj . 
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The changes in sedimentation constant admit of various int(‘rpretations. The 
slight fall on alkaline inactivation might he due to a change in molecular weight, 
in shape or in de^gree of hydration. The first might be detected by a determina- 
tion of the sedimentation equilibrium. This has not yet been done. It should 
also be distinguishable through a rise in diffusion constant, whereas change* in 
shape or increase in degree of hydration should cause a fall in diffusion constant. 
It has been found by Poison (unpublished), in Svcflberg’s laboratory, that the 
diffusion constant falls. Thus the change is probably one of shape or degree of 
hydration. On the other hand the increase of sedimentation constant on “acid 
denaturation ” of alkaline ]:K^psin is so large that it must be due to aggn*gation. 
Th(i fact that the sedimentation constant at a given final pjj is indejKUident. of 
initial pij , as shown in Fig. 4, suggests that the pjj at which alkaline inactivation 
is performed has no fundamental influent'c on the nature of the filial product. 

SOMMAKY. 

1 . When pepsin is brought topjj 7 or higher tlu* s(‘dimentation c*onstant falls, 
although the protein remains homogcru*ous. 

2. When pepsin so treated is brought back to pu <4*8 a large rise* in sedi- 
mentation constant occurs, and the jirotein becom(*s less homogeru'ous. The ris(* 
is greater the lower the final pjj , until at py 3*8 the protein is completely 
precipitated. The rise is apf)roxiTnat(*ly indeyyendt'nt of initial pj| b('fwe(‘n 
Pjj 6-7 and 11 ; but if the initial is 6*7 it must be maintained for soim* time to 
be effective. 

3. These results show that alkali-inactivated pepsin is distinguish{‘d by its 
homogeneity from “denatuivd proteins; but that it has undergone* some 
change which makes it more easily “denatured'' by acid. They also sugg(*st that 
thepn which alkaline inactivation is performed has no fundamental infiu(*nce 
on the nature of the final product. 

I am greatly indebted to Prof. Svedberg for allowing me to work in his 
laboratory, and for much helpful advice. 

The cost of the ultraccntrifugal det(*rminations has been defray ed by grants 
from the Rockefeller Foundation and the Foundation “Theresf* oeh tiohan 
Anderssons Miime”. 
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CCXCIII. CAROTENOIDS AND VITAMIN A 
IN COW’S BLOOD SERUM. 


By ALBERT EDWARD OILLAM and MOHAMED KHAFIK EL RIDI. 

From the ChemiMrif Dppartmmt, Manchester Vniversihj. 

{deceived September 17i}i, 193S,) 

fT has been shown that cow’s blood sc'runi [Fine, 1933] possesses the power of 
jiroinoting growth when fed to rats on a vitamin A-free diet. Part at least of this 
activity must be due to carotene, which can act as a provitamin A [Euler and 
Ilellstrom, 192S: Euler et nh, 1929] and, together with bilirubin, is mainly 
res])onHi})le for the golden N'cllow colour of blood s(*rum [ Palmer and Ecclcs, 
m4: Palmer, 1922]. 

In addition to (*arot(Uie tin* prcsem^c of vitamin A in blood serum has been 
d(unonstrat<Ml by means of th(‘ antimony trichloride blue test [Kosio, 1929: 
E(‘kf‘len, 1931 ; hhiler and Virgin, 1932: Lundborg, 1933: Menken, 1934: Eekelen 
and EinriKTU', 1935]. Rosenthal and Szilard 11935] have eonfiiTn(‘d this by a test 
which is sjK^eifie for th(* vitamin even in the jm^senee of (*arotene [Rosenthal and 
Erdelyi, 1934, 1, 2J. Still furtluT confirmation is supplied by tlu' observation 
that an alcoholic extract of l)lood serum exhibits vseleetive light absorption near 
lV23mp |Vh(‘vaJlier and (’boron, 1934]. 

Sinct' the blood s(*rum of the eow' mu.st carry the carotenoids of the food 
(convert<‘d partially into vitamin A at some point on the journey) to th(‘ udder, 
and htuiee to the milk, w(‘ decided to determine the carotene and vitamin A in 
the blood sera of cattle for comparison with the values pn'viously found for milk 
fat [(fillam et (ft., 1933: Watson et u/., 1933: 1934]. 

1’h(* presfuit jiapcu* records the results of a preliminary (examination of a 
number of cow and bull s('ra using spectrophotometric methods for determination 
of l)oth carotene and vitamin A. 

Extraction of the unsaponifiahle matter. 

lt)0 ml. of the blood .serum are hc'ated on a waU'r-bath (I hour) with aqueous 
KOII (19 ml, ()0<\,) \rf. Davis, 1933). The mixture is eooh^d, treated with aleohol 
(30 ml,) and (‘xtraet(>d with (dher (50 ml.) four times. The eombim'd etlu^r (ex- 
tracts are waslu'd with water and dried over sodium sulfihate and the ether is 
i(miov(ed in a stream of nitrogen. The residue is dissolvt^d in chhn'oform and made 
up to ](K)ml. Wh(‘n the quantity of serum available is limited, much smaller 
])ortions can b(^ used if neemsary. 

Determination of the carotene and vitamin A. 

The absorption spt^ctrum of the solution is now d(-termined in the visible 
and ultraviolet (Si^ekker photometer and Hilger E 3 quartz spectrograph), the 
pro(‘odur(' b('ing identical witli that already deseribe'd in detail in the case (^f 
butter jOillam, 1934], From the observed intensity of absorption of light at 
460 mfi the carotenoids present in the serum can be calculated as caroRme, using 

the standard value of £ j;;;, = 2200 [Gillam, 1935]. = log for a 1 cm, layer 

of 1 % solution, /o== intensity of incident light, /= intensity of transmitted light). 

( 2465 ) 
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The light absorption at 328 m/x is due to vitamin A plus carotene, but it has 
been shown that the value due to carottne at this wave-length can be obtained by 
dividing the observed intensity at 46Uw?/x by the factor 6*5 fOillam, 1934], After 
this correction is applied to the gross absorption at 328m/x th(' vitamin A present 

is calculated in mg. per 100 ml. of serum from the equation — , wIhtc 

JE" — mentioned above. The resulting v^aliu* is based on the assumption that 
pure vitamin A has a value of A'JI.J,, = 1600 [Carr and Jewell, 1933 ; r/. also Karrer 
and Morf, 1933]. 

In butter the amount of vitamin A presmt is such that its absorption band 
is often seen clearly in the absorption curv(‘ of the unsaponifiable matter. In 
blood serum, however, the vitamin A is commonly present in much smaller 
amounts and the absorption due to the vitamin, although obtainable by sub- 
traction, is not readily seen. In ord(‘r to test for vitamin A more definittJy the 
light petroleum solution of the carotenoids obtained from 90 ml. of st^um was 
extracted with 90% methyl alcohol until no more colour was removed. By this 
means the vitamin A was freed from carotetu' and the absorption spectrum of the 
methyl alcohol solution now showed the characteristic vitamin A band at 328 /w /it, 
together with weakly defined absorption bands at 477 and 447'm^, associated 
with the yellow colour (see b<4ow’). 

The presence of vitamin A was further confirmed by tlu' fact that, wlum 
transferred to chloroform and concentrated, the solution gave a blue colour with 
antimony trichloride, showing a clear absorption band at 617??i/x and a subsidiary 
maximum at 583rw/x, the intensity being much greater than could possibly l>e 
due to the small amount of carotenoid present. 

The pigment responsible for the weak yellow colour of the methyl alcohol 
phase had the following properties : 

(a) hypophasic in 90 % methyl alcohol to light petroleum ; 

(b) absorption maxima in chloroform at 488 and 456 w /a ; 

(c) when mixed with carotene and adsorbed on alumina it showed itself as a 
lemon-yellow ring well above that of the carotene. 

These properties agree with those of lutein and the amount present is of th<^ 
same order as that found in butter, i.e. about 5 % of the total carotenoids [Gillam 
et at., 1933; Gillam, 1934]. This is in agreement with the previously reported 
occurrence of small quantities of “xanthophyir^ in blood vSerum [Palmer and 
Eccles, 1914J. 

In view of the fact that the lutein content of grass is twice that of the 
carotene, whereas in blood serum the latter constitutes nearly the whole of the 
carotenoids, it is clear that in the metabolism of the cow earotciiie is absorbed 
preferentially [c/. Zeehmeister and Tuzson, 1934]. In the horse this selective 
absorption of carotene appears to be more nearly complete than in the cow and 
is probably efiFected by the walls of the gut [Zeehmeister et ah, 1935]. 

By concentrating the carotene fractions from several litres of cow serum and 
using the adsorption method already applied to butter [Gillam and Heilbron, 
1935] we have found that small amounts of kryptoxanthin occur occasionally in 
blood serum exactly as in the case of buttfT. Hie adsorption of blood serum 
carotene on alumina also shows the separation of pigment into red and yellow 
zones previously observed with butter [Gillam and Heilbron, 1935], these two 
zones exhibiting absorption maxima closely simulating those of jS- and a-carotene 
respectively. 

Twenty-one samples of bovine blood sera falling approximately into two 
groups, which can be regarded as winter and summer samples respectively, were 
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examined. The results show that the aviTage earotene and vitamin A contents of 
the sera of cows are consistuitly higher than those of bulls in both wintei* and 
summer, whilst the average value's for the stu-a of caitU' in winter are definitely 
lower than the corresponding on(‘s obtained during the spring and summer. 

These results, cd)tain(‘fl by th(‘ more precise spc'ctrophoto metric methods, are 
in agref'inent with the findings of Rdsio [1921)] who, using the Lovibond blue 
test, has show n that spHues, age, sex and the presence or absemcjc of gestation 
are important factors controlling the vitamin A and carotene contents of the 
sera of animals. Similarly, Lundborg 1 1933] has shown that the blood s(Tum of 
the cow^ is several times richer in vitamin A than that of the ox. 

It has Ikh'ii showr» that a(^(,*ess to caroUme-ric h fodder increases the carotene 
content of cow's blood serum, previously at a low h'vel through poor feeding 
fSemb ef al., 1934j, just as it does in the case of milk fat. These variations in the 
qualit y of the food eaten are undoubtedly the cause of the definitely higher values 
of the summer sera over those of the wintcT sam})l('s, and it is equally (;('rtain 
that th(' explanation of the ex<*e})tional eases in both the winter and summer 
grou[)s (r/. Tables) is to Ix' found in difference's in diet. As, however, the samples 
examine<l here w^ere only (casual anti nothing was known of the nutritional history 
of th(' cattle thiwS is nec('ssarily only conje(‘tural until more carefully controlle^d 
experiments can b<* <*arried out. 


Table 1. (\trokne ami vitamin A valuers of bovine blood sera 
(*’ Winter samples'"), 

Cowa Bulla 




Carotene 

Vitamin A 

' 


Carotene 

Vitamin A 


Sample 

mg./ 1(H) 

mg./KH) 


Sample 

nig./K-H) 

mg. 100 

liato 

no. 

ml. 

ml. 

Date 

no. 

ml. 

ml. 

22. u. 35 

2 

017 

— 

4. ni. 35 

5 

0052 

0-04 

2.5. ii. 35 

3 

0-41 

01 5 

0. iii. 35 

0 

0091 

0053 

2S, ii. 35 

4 

0,30 

013 

14. iii. 35 

8 

0*122 

0*003 

8. iii. 35 

7 

0H3 

010 

18. iii. 35 

9 

0*050 

0*049 

21. iii. .35 

10 

0-28 

0'077 


— 

— 

— 

Averages 


()-40’“* 

013 



0*08 

0*051 

Table II. 

Carot£.ne and vitamin A mines of bovine blood sera 



( ‘ ' Summer sarnpile ^^ ' ^ . 

CowH Bulls 




t'arotene 

Vitamin A 



f'arotene 

% 

Vitamin A 

1 late 

Sain]>le 

no. 

mg. 100 
mi. 

mg,/J(K> 

ml. 

1 )ate 

Sample 

no. 

mg./ 100 
ml. 

mg./lOO 

ml. 

2(!. iii. 35 

11 

0*87 

()-28 

27. iii. 35 

12 

0*80 

0*17 

13. V. 35 

13 

0*08 

0*20 

22. V. 35 

U 

0*10 

0*13 

14. Vi. 35 

10 

1*22 

0*53 

U. vi. 35 

15 

0*94 

0*19 

14. vi. 35 

18 

1*05 

0102 

28, \.35 

17 

0*091 

0*050 

17. vi. 3.5 

19 

140 

0*31 

17. vi.35 

20 

0*104 

008 

17. vi. 35 

22 

1-.39 

034 

17. vi. 35 

21 

0*38 

0*23 

Averages 


rn ' 

0*29 



042 

0143 


SUMMAKY. 

An examination of the iinsaponifiable matU'r of cow's blood serum shows 
that, in addition to the main pigment (carotene), there are also present a small 
amount of lutein and, as in the case of butter, casual traces of kryptoxautlun. 
Vitamin A is also present. 
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The carotene and vitamin A values of a number of samples of cow and bull 
sera have been determined spectrophotometrically. The results show tliat the 
cow sera are on the aver*age several times richer in carotene and vitamin A than 
are those of bulls, and that both cow and bull sera usually contain more of tht^se 
two constituents in summer than in winter. 

Our thanks are due to Prof. 1. M. Heilbron for his interest and advice, and to 
the University of Cairo for enabling one of us (M. S. R.) to participate in this 
work. Thanks are* also due to M(*ssrs Imperial Clumiical Industries Ltd. for a 
grant which has enabled Mr G. W (^awthorne to render much help with tln^ 
pra(*tical work. 
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CCXCIV. A NOTE ON A SYNTHETIC DIET 
FOR RABBITS. 

By RE(}]NALD PASSMORE. 

Fnmi the. Department of BiocJmni strip Oxford, 

(Received September 2Srd, J93/).) 

The (lR*t of rabbit.s norinalJy contains large amounts of cellulose, and the main 
probhun in pn^paring a siiitalde syiitludic diet is to obtain a palatable form of tliis 
i'onstitiu'nt. \Voodward and MeCay [1932] reported the use of regenerated 
<*(‘llulose, and a eomm<‘reial jirodmd, “ l)iophane 'V b(*en used by us through- 
out . 1 1 was lirst washed thoroughly for twenty-four hours to remove glycerol, thtui 
jire.ssed dry aiui ground as tinely as ])ossibl(‘. The diet was made up as follows: 
'‘DiophaiK* 300, e(u*n star(‘h 200, easeinogcm 120, sucrose SO, butkT 100, 
marmit<‘ 00, salt niixtun^ oO and ascorbic acid 0-] . The* salt mixture consisted of 
sodium bicarbonate* 132, magn(‘sium sulphate SO, sodium phosphate 102, (‘alcium 
phos])hate 102, jiotassium plu>sphate 2S0, calcium lactate 300, iron citrate^ 35, 
potassium iodide 0*2. 1 1 is the mixture u.s(*d for the rat colony in this dejiartmcmt 
with the* addition of 100 parts of sodium bicar])()nate. About 3 mg. of ascorbic 
acid p(‘r rabbit p(*r day W(‘re allowed. Soimdimes it was given separately, but- 
usually it was mixed up with tlic diet. Then* was never any indication that the 
animals suflered fi’om lac’k of vitamin i\ In order to make the rabbits eat the^ 
<lii‘t, a f<*w sp<‘oial precautions w<*r(‘ taken. The diet was added slowly to the 
bran, on which th(‘\ had pn'viously b(‘(*n fed, and the animals were made to 
“(‘at cl(‘an ’ -that is tlu* food was weigh(*d out each day and only a sufficiency 
was given. Tin* food was taken away at night. The* rabbits had a good app(*tikj in 
the morning and most of the food was (*at(‘n then. 

Threi* adult mah* rabbits W(‘r(* us(m 1 at tirst. Two of th(‘S(‘ animals wtTc on this 
di<*t for om* month. Th(‘y were ])erfectl\ well. One gaintal weight steadily and 
w(‘nl up from 1430 g. to 1085 g.: the other lluctuated and finally fell slightly 
from 1500 g. to 1535 g. The third rabbit refused to (*at the di(‘t and lost weight 
lapidly for t(*n days, wlien it was transfiTred to a normal diet. 

An attempt was th(*n made to mak(‘ the rabbits vitamin B,-defici(‘nt. The 
vitamin was d(‘slroy(^d by autoclaving the marmite at 130 for 20 min. at pjj 9*5. 
Tin* two ralibits used in the previous experiment and one other weri* [)ut on this 
diid. Th(* same pi‘('cautions to ensun* that the di(*t should be taken w(*ve em- 
ploy(‘d. Further, to prt'vent any sudden ap^x^arance of oedema, tlu^ fluid intake 
was controlled. Th(* normal amount of water taken by these animals varied from 
50 to 80 ml. per da\'. Th(\v were given 00 ml. twdee a day. The rabbits W(*r(' kept 
on the vitamin Bj-dcdieifuit diet for 40 days. During tins time they were w<dL 
All gained in weight from 1680 to 1710 g., 1510 to 1550 g. and 2520 to 2700 g, 
rt\spectively. The only abnormal sign or symptom noted was polydipsia. The 
animals n(‘arly always drank up readily their ration of water — which was con- 
siderably mow than they would normaily have taken. Th(‘y were housed origin- 
ally in cages with sawTlust on the floors. It was thought that dther sawdust or 
ooprophagy might be a possible source of vitamin B^ , although there w as no 

^ Kindly supplied by “I'ranspaivnt Paper Ltd,,” Bridge Hall Mill, Bury. 
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direct evidence. Half-way through the experimental ^K^riod, they were put in 
cages with wire floors, but this had no effect on their health. 

The survival in health of these rabbits on this diet would suggest tlu' possi- 
bility that vitamin is being synthesised in the alimentary canal . Unfortunately 
circumstances make it impossible to investigate this point further at the moment, 
but it is thought that a note of this diet would be uwfful to others doing any 
nutritional work on rabbits. 

REFERENCE. 
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CCXCV. A NOTE ON THE METHOD OF 
ESTIMATING VOLATILE ACIDS 
IN BACTERIAL CULTURES. 

By LESJJE ALFRED ALLEN and JOHN HARRISON. 

From the Department of Agricultural Bacteriology, University of Reading, 

(Received September 24th, 1935.) 

Investigations on th<' (sstimation of volatile acids, from both theoretical and 
practical considerations, hav(‘ been numerous. Most authors have, however, 
('onfined their attention to solutions containing only volatile acids and the 
littu^aturc* dealing with the influence of interfering substances on the accuracy 
of results is small. Thus the empirical methods of Duclaux [1900; 1901], the 
theoretical conHi<lerations of Hi(‘hmond 11907] and Wiegner (1919] and the work 
of Dyer [ 1910] apply to pure solutions only and results based upon these methods 
iHH'ome de‘(udedly inaccurate when applied to fluids containing a mixture of 
organic and inorganic substances such as a bacterial (mlture. 

In general the difficulties of estimating volatile acids in bactorial cultures 
may Ik* summarised as follows. 

(1) Other Hubstan(*es present, particularly lactic acid, may partially distil in 
steam and add to the titration value of the distillate. Carbon dioxide, whether 
present as such in the culture fluid or produced as a result of partial decom- 
position of other substances during the distillation, will have a similar though 
smaliiT effect. 

(2) The acids contained in the culture may be neutralised, either through the 
presence of chalk added for that purpose before inoculation or through the 
simultaneous production of ammonia or other bases as a result of bacterial 
metabolism. In this cas(‘ it becomes necessary to add a non-volatile acid to 
liberate the volatile acids and, as the quantity of the latter is unknown, excess 
of the former must be used, which means that the effect of pyj and the libtTation 
by the added acid of interfering substances must be (onsidered. 

(3) No arbitrary limit can be set to the amount of sR^am-distillation required 
to remove all volatile acids since the rapidity with whi(;h they an^ carried over 
dejxmda on their molecular weight and on the presence of substances, such as 
soluble salts, which affect their distillation constants. This introduces some 
difficulty os to knowing when the end-point of distillation is reached. 

Foreman and Graham Smith [1928] recommend the steam-distillation of an 
alcoholic extract previously acidified with hydrochloric acid, and Foreman’s 
methcKl 1 1928] for eliminating carbon dioxide from this extract minimises errors 
due to this substance. The use of alcohol, however, greatly increases the bulk of 
the liquid to be distilltKi and the method is still subject to many of the difficulties 
mentioned above. Great accuracy is not in fact claimed, except as regards the 
method of COg elimination. 

Virtanen and Pulkki [1928] recommend for bacterial cultures a preliminary 
distillation in steam with titration of successive quantities of 200 ml, of distillate, 
the first fraction being boiled under reflux to remove carbon dioxide. The col- 
lected neutralised distillate is then treated with sulphuric acid to liberate volatile 
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acids and an aliquot portion used for determination of th(‘ distillation constant 
by direct boiling in an apparatus of exact dimensions. No lesults for actual 
cultures appear to be given by these authors. 

Dyer’s method of distilling in steam at constant volume has the advantage 
that by titrating successive ecjual quantities of the distillate the end-point may 
be recognised by the attainment of a small constant titration value after all the 
volatile acids have been removed. On the other hand the total titration value 
obtained in this way may represent much more than tlu' volatile acids if there 
were originally present substan(‘es, siuh as lactic acid, whi(*h partially distil. 
To eliminate this tTror it is therefore necessary to (*ollect all the fractions of tlu' 
first distillate and submit them to a second steam-distillation when, as point(‘d 
out by \"irtancn and Fulkki, the concentration of the lactic acid is so small as 
to be negligible. 

For these reasons the following method was evolved and was fouml to give 
satisfactory results : 

A suitable quantity of the original cultun* ( 100-1 oO ml.) was acidificfl with 
excess of strong sulphuric acid and steam-distilled at constant volunu'. This was 
attained by marking the level of the licpiid in the distillation llask and heating 
the latter by a suitably adjusted burner at the same time as a current of steam 
was passed through the liquid. The distillate was ])assed through a Li(‘big's 
condenser and collected in successive fractions of lOO ml. in measuring cylinders. 
These fractions were titrated with standard baryta to ])henolphthal<un ami the 
distillation discontinued when a small constant value was obtained. Th(‘ su<‘- 
cessive neutralised fractions were combined, evaporated to a small voluim* 
(70-80 ml.), transfETred to a flask and the volatile acids liluTated by the addition 
of a quantity of N sulphuric acid t*quivalent to the total amount of baryta 
used during titration. After shaking thoroughly tin* flask was left overnight to 
allow the barium sulphate to settle. The latter was removcnl by filtration, the 
precipitate washed and the filtrate made up to a conv(*nient volume 100 ml ). 
Carbon dioxide was removed by boiling for 10 miji. under a reflux (‘ondenser and 
the liquid again distilled in steam at constant volunu*, successive^ portions of tlu* 
distillate being titrated as before and the process discontinued wlu'ii a small 
constant value was attained. The volatile acids wer(‘ tlH'U rep!-t\sented by the 
total titration value but it was nec€^ssary to apply a small (*orr(H*tion by sub- 
tracting the final small constant valm' from the titration figure for each 1(K) ml. 
fraction of the distillat(‘. 

To determine the nature of the volatile acids when !e*quircfl it was found 
satisfactory to collect and evaporate th(‘ neutral isi*d frac'tions of th(' s(*c*on<l 
distillation, liberate the volatile acids by the a<ldition of the corre(;t (piantity 
of y sulphuric acid, make up the volume of the filbued licjuid to 110 ml. and 
apply Duclaux’s methods. Alternatively, the cK)ilected fractions of the second 
distillation could be UH(»d for the application of I)v('r\s m(‘thod, the* lilH'rat(‘d 
acids being steam -distilled from a constant volume* of 150 ml. 

The following examples will make the method clear and indicate its useful- 
ness in the elimination of errors ; 

Erp, J. Value, given by fresh medium acidified frith JIjSOf. In order to find 
the value given by a fresh medium containing prob'in and carbohydratf% but no 
volatile acid, a medium containing 1 % peptone, dextrose and 0*3% yeast 
extract was })repared. To 100 ml. of this were added 5 ml. of strong sulphuric 
acid an<l the* volume made up to 150 ml. with water. Tlie duplicate titration 
values for tlu* first and second distillations are shown in Table 1 together with 
the final corrected values for ‘'volatile acids”. 
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Table 1 . “ Volntih acid" value given by fresh medium 
acidified with H0SO4. 



Titration 

values 

in ml. of 0119(LV 

harvta 


First diKl illation 

vSecond diHiillation 


fhiplicatcs 

duplicates 

DiNfillatc 

— ' 



„ ■ 


ml. 

1 

11 

I 

U 

1(K) 

0-34 

0*30 

0'3() 

0*28 

2<H) 

u:i5 

0*61 

0*23 

0*20 

.300 

0 .35 

0*21 

0*19 

OK) 

too 

0-25 

0*34 

015 

0*14 

.700 

U 20 

0-.3() 

010 

0*10 

6UU 

U19 

0-21 

01 1 

0*07 

7U(( 

0 20 

017 

OOO 

000 

SOU 

0 21 

0 20 

0*07 

0 00 

9(H) 

U-21 

0 22 





louu 

0-2K 

0 23 



'Fofal 

2-58 

2-85 

i~2i 

1*07 


(’orrofted vahios (for s(‘((»n(l <listillation) couvortod into X 10- 
1. \h2\ -(S . OOd): 

II. !l-07 -{H > (HMi); I lim -Owl. 

Exp. 2, Infinence of lactic acid. Tho influence of lactic* acid in raiising the* 
titration value* of the distillate* and its elimination by the sc*cond distillation 
were shown by adding to the* same* medium as above 20 ml. of 2(0’{^ lactic a(*id, 
making up the volume to loO ml, and distilling as previously. Results are given 
in Table IF It will Ik* seem that a concentration of rather less than 3% of lactic 
acid in the* liquid being distilled adds ctmsiderably to the titration value of the 
distillate but that a second distillation eliminates most of the error. 

Table 11. Influence of lactic acid. 

IU(» ml. of im-dhim, 20 ml. 20 ‘*q lactic and +30 ml. water. 

I’ltration values in ml. of 0 1 190 A' harvta 

First distillation Second distillation 

duplii’atcs duplicates 

1 u I 11 ' 

UMI 1*30 

200 1-24 

:m 114 

4(K) 0*97 

500 1 05 

(i(K) 0-91 

700 0-94 

800 0’98 

9(H) 1*00 

1000 1-04 

1 1(H) 0*98 

Total 11*91 

Corrocted values (for second distillation) converted into A/lO: 

1. {212 -(10x0 06)1 M96=nl*82ml. 

II. {1*78 -(10x0*06)} 1*196-1*41 ml. 

Exp. 3. Determination of acetic acid in presence of lactic acid. To test the 
efficiency of the method in determining a volatile acid in the presence of lactic 
acid the same fresh medium was used and to this were added 20 ml. of 20% 


1*48 

0*08 

0*50 

1*29 

0-40 

0*33 

1*17 

0*30 

0*24 

MO 

0*22 

0*17 

M3 

0*13 

01 5 

M4 

0*09 

0*09 

M7 

0*11 

0*08 

1*05 

0*06 

0*08 

1*10 

0*07 

0*08 

1*09 

0*06 

0*06 

1*05 

— 

— 

12*77 

2*12 

1*78 


Distillate 

ml. 
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lactic acid and 5 ml. of acetic acid of known strength. Table III shows the results 
obtained by the same procedure as before. It will be seen that there is good 
agreement between the duplicates in the second distillation and between these 
values and the quantity of acc^tic acid originally added, showing that errors due 
to the presence of lactic acid and other factors have been eliminated and that 
the “yield'’ of volatile acid is very good. 


Table III. Determhiation of acetic acid in presence of lactic acid. 

100 ml. of medium, 20 ml. 2(>% lactic acid, 5 ml. acetic acid, 25 ml. water. 


Titration values in ml. of IMlOOjV" baryta 
First distillation Second diMtillation 


dnplicatofl iluplicates 


Distillate 

ml. 

1 

11 

1 

— 

11 

100 

30*80 

26*47 

24*59 

28*54 

200 

18*30 

18*00 

15*81 

17*58 

300 

11*23 

11*84 

10*52 

10*03 

400 

7*48 

7*93 

6*80 

5-S9 

600 

5*2r» 

6)9 

4*55 

3*79 

600 

3*65 

4*63 

3*24 

2*57 

700 

2*71 

3*54 

2*23 

1*69 

800 

1*75 

2*68 

1*62 

1*20 

900 

1*34 

2*05 

1*20 

0*66 

1000 

1*60 

1-62 

0*89 

0*42 

1100 

1*35 

1*45 

0*64 

0*32 

1200 

1*42 

1*42 

0*41 

0*23 

13(K) 

— 

— 

0-30 

0*17 

1400 

- 


0*22 

0*10 

1500 

— 

— 

0-15 

OOti 

1600 

... 

— 

0*09 

0*0.) 

J700 

— 

— 

0*05 

0*07 

1800 


— 

0*0() 

— 

Total 

86*89” 

87 

7?V37 

73*37 


Corrected values (for «(<cond distillation) converted into A/U): 

T. {7:?*37-(l8yO-Or))} MOO 86*46 ml. 
11. {73*37 -(17x0*06)} 1*196 =86*53 ml. 
Amount of A’/IO acetic acid added = 86*56 ml. 


On the other hand it must be borne in mind that “blank" determinations 
on the same medium plus lactic acid, but without aiiv acetic acid, produced 
figures of T82 and 1*41 (Table IT) — an average^ of l*bl. Theoretically, tlum, the 
estimations shown in Table III should have giv(*n the true value of aecd-ie acid 
(86-56) plus the figure due to the medium and la(;tic acid alone (1*61) — or a total 
figure of 88*17, Tlie explanation of the lower figure obtained in practice may b(* 
either (1) that in the pr(\sence of appreciable volatile acid the lactic acid shows 
Jess tendency to steam -distillation, or (2) that there has been a slight loss of 
volatile acid sufficient to balance the effect of the lactic acid in increasing the 
titration figure of the distillate. It should, moreover, be realised that in dealing 
with a bacterial culture, for which the methods described here are chieffiy 
intf'iided , it is impossible to Jiiake a “ blank determination, so that the calculation 
of r(‘sults must be made on the assumption that a double distillation removes 
niost of the error due to interfering substances (see calculation of results at foot 
of Table I\'). The results in Table II show that in any case the final error due to 
this cause is small and the figures in Table III indicate that, when appreciable 
quantities of volatile acids are present, the error is likely to be still further 
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Exp, 4. Deierminrition of vol/Uile acids in a bacterial culture. The ability of 
the method to give satisfactory duplicates when used for a bacterial culture was 
tested as follows : 

Two separate (luantities of 5()() ml. of a sterile medium containing 1 % ])ep- 
tone, 5% dextrose and 0*3% yeast extract, with 25 g, of added chalk, were 
inoculated with two different strains of lactobacilli isolated from silage and 
incubated at 30 ’ for several weeks, the cultures Ixung well shaken each day to 
facilitate nevitralisation of th(‘ metabolic acids by tiie chalk. The n'sidue of chalk 
was then removed by filtration and washed, the volume of filtrate being made 

Table IN". Estirnation of volatile acids in a culture of Lactobacillus 

(Strain 1), 

'I’ltration values in ml. of O IIIUOA" baryta 



First distillation 

Second d istil lat ion 

Distillate 

duplicates 

d uplic-ates 

^ ^ — •- — 

— ^ 

_ 

— ^ 

ml. 

J 

H 

1 

11 

loo 

19-82 

19-19 

11-04 

10-60 

2(M* 

11-38 

11-35 

(i-89 

(5-79 

300 

0-47 

(>•89 

3-95 

4-01 

40fi 

3-23 

4-43 

2(52 

2-(>r) 

ofKj 

2-28 

3-70 

1-83 

I -(56 


1-54 

2 34 

0-9(5 

1-18 

7(K) 

2-00 

1-71 

0-54 

0-86 

800 

1-80 

1-80 

0-40 

0-68 

m) 

2-02 

1-75 

0-30 

0-45 

1000 

1-57 

1-34 

(»-25 

(Mo 

non 

1-73 

1-72 

0-19 

0-35 

1200 

— 

— 

0-17 

0-24 

1300 

— 

— 

0-10 

0-25 

14(H» 

— 

- 

0-10 

— 

Total 

53-84 

5()-22 

29-34 

30-17 


Corrected values (for »eeon<l clistillation) converted into S ^ 10: 

I. {20-34 -(14 xO-lO)} 1-3 ~'3(» 32 ml. 

II. {3017 (13x0-25)1 l':i-3r)-00 ml. 

Table V. Estimation of volatile acids in a culture of Lactobacillus 

(Strain 2). 

Titration values in ml. of 0-llf)0*V baryta 


‘ ^ 

First distillation Second distillation 

duplicates duplicates 


Distillatc 



, 


ml. 

i 

11 

1 

11 

100 

8-S8 

11-09 

11-17 

11-08 

200 

5-47 

5-63 

5-41 

5*53 

300 

4-(K) 

4-01 

2-85 

2-93 

400 

3-13 

2-57 

1-63 

1-66 

5(X) 

2-41 

1-80 

0-91 

0-85 

600 

2-04 

1-51 

0-72 

0-57 

700 

1-01 

1*22 

0-44 

0-21 

800 

1-25 

1-04 

0-25 

0-lG 

900 

1-12 

0-99 

0-1(5 

0-15 

1000 

1-25 

0-99 

0-14 

0-13 

1100 

1-00 

0-90 

015 

0-14 

Total 

32-16 

31-75 

23-83 

23-41 


Corrected values (for second distillation) converted into A/ 10: 

I. {23-83 -(11 X 0-15)) 1-19(5- 20-53 ml. 
11. {23-41 -(ll xO-14)} M96=^=2(M(5 ml. 
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lip to 5(K) ml. Duplicate determinations on each culture were made by adding 
to 75 ml. of the filtrate 5 ml. of strong sulphuric acid, to liberate the organic 
acids, and 20 ml. of water and distilling as before. Results are shown in Tabh^s IV 
and V. Tests of the cultures foi* other metabolic products showed that Strain 1 
produced 1-26% of lac'tie acid and no other product except acc^tic acid, whilst 
strain 2 produced 0*39% of lactic acid, 0-3 of alcohol and the volatile acids 
wore a mixtuio of acetic and butvri(\ 'Fabk* IV shows that the titration values 
of the first distillate are much higher than those of the s(H*ond distillate, while 
in Table the discrepancy is not nearly so gi'c'at. This is in agreement with tlK‘ 
fact that strain 1 pioduced a much higher percentage of lactici acid. T1 h‘ agren*- 
ment between the duplicates in the sectond distillation is, in the case of both 
strains, reasonably good. Table' IV shows particularly well th(' errors inlierent 
in a method relying on a primary distillation only. 

Summary. 

Details are given of a nu'thod of estimating volatile' a(‘ids in bacterial cultures 
which eliminates most of the errors due to the prestmee of la(*tic acid, carbon 
dioxide and other inteidering factors. It has be('n shown that the* ‘“yield" of 
volatile acid by this m('thod is high and that reasonabli' (*onsistency between 
duplicates can readily be obtained. 

The authors wish to express their thanks to the Research (’oiincil of Imperial 
Chemical Industries Limited for a grant in aid of this rest'ardi. 
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CCXCVI. CRESS SEED MUCILAGE. 

By KENNETH BAILEY.^ 
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ami Technology y South Kensington, 

(Received September 26th y 1935.) 

The dispersed ct^llulusi* eomponent which is found in white mustard seed 
mucilage | Bailey and Norris, 1932] and in quince seed mucilage [Schmidt, 184-4; 
Kirchner and Tollens, 1874 ; Renfrew and Oretcher, 1932] has now been obtained 
from the mucilage of cress sec^d, Lepidium sativum. The present communication, 
which deals mainly with the clKunistry of this seed mucilage, falls into three 
sections . ( 1 ) the products obtained by acid hydrolysis of cress se(‘d mucilage are 
characterised; (2) the mucilage is shown to be a heterogen(‘ous polysaccharide 
syst('m, and its behaviour towards fractionating agents is contrasted and com- 
pared with those of the closely related mucilage of white mustard seed and the 
non-cellulosic mucilagc' of lins(‘ed : (3) the factors responsible for the hydration 
and dispersion of the c<4lulose compon(‘nt in seed mucilages and in other 
cellulose polyuronide systems are discussed. 

. Since the (‘arlier review of Bailey and Norris [1932] several contributions to 
the chemistry of the mucilages have bt^en made, chi(*fly by American workers 
in this fit'ld. d-Gahujtose*, /-rhamnose and galactiironic* acid have been found in 
the hydrolytic produ(*ts oi’ the mucilage of slippery elm bark [Anderson, 1934]. 
The uronif* acid is combined in part as a rhamnos(‘galactur()nid(\ an aldobionic 
acid found prc^viously by Anderson and Crowder [1930] in the hydrolysis pro- 
diH^ts of linseed mucilagt‘. The lati(T mucilage has now been shown to contain 
tiu' /-form of galactose [Anderson, 19331 and the d-form of galacturonic acid 
[Niemann and Link, 1934]. The fri‘(pient occurren(‘e of structurally relatf»d 
carbohydrates, i.i. of d-galactos(‘, r/-galacUironic a(*id with /-arabinose, and of 
d-glucos(', (/-gl^'cu^onic acid with rf-xylose, has given considerabh' support to the 
(iassi(‘al hypothesis of de Chalrnot [1894, 1, 2], who first suggested that pentosan 
nui}^ arise from hexosan by a two-stagt‘ process : oxidation of the hexose to the 
uronic a(id follow\‘d by decai'boxyiation to tht* pentose. The occurreiiee of 
/-galactose* with d-galaeturonic acid in linseed nnK‘ilage is therefore' an interesting 
anomaly. The mucilage of Psyllium seed, investigated by Anderson and Fireman 
[1935] consisted of a mixture of polyuronides, which w^ere hydrolysf'd to d- 
galacturonic acid, /-arabinose and d-xyk>s(\ This latUT sugar has also been 
isolated from Psyllium seed mucilage by the present author. Quince seed mucilage 
on hydrolysis yields d-xylose, /-arabinose and a mixture of monomethylated 
and unmethylated pentoseuronide [lienfrew and Cretcher, 1932] . The ultimate 
constituents of white? mustard seed mucilage are arabinose, rhamnose, galactose, 
galacturonic and glycuronic acids [Bailey and Norris, 1932J. 

Experimental. 

Preparation of cress and other seed' mticilages. 

When 01*688 seed is allowed to soak in water the mucilaginous layer of the 
seed testa swells but does not disperse and caimot be squeezed away, as in the 
case of mustard seed mucilage. The difficulty was overcome in the following 

^ Belt Scientific Hesoarch Fellow . 
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way. 200 g. of s(^ed were washed fret' of c'xtraneous matter, mixed with 2 litres 
of distilled water and shaken meehanieally in a Winchester bottle for 6 hours. 
The mucilage, gradually dispersed by the friction of the vessel walls and of 
seed against seed, constituted the topmost layer on centrifuging. The seed 
residue's were Ireatt'd once more in a similar way and disc^arded. The 

mucilage was squeezed through muslin to nunove seed fragments, poured into 
95% alcohol, dehydrated in absolute ah'ohol and finally drit'd in vacuo at room 
temperature. To reduce the high ash eonbmt (usually 6-7%), the snow-white 
fibre was redispersed in water, 12% H(1 was added to a final concentration of 
2%, and the mucilagc' re precipitated witli 95% alcohol. The product was then 
pressed free of excess liquor, washed with alcohol until fr(*(' from acid and dried 
as before. The yield of mucilage was 2*6 of the W('ight of the original seed. 

In the preparation of both lins(‘(Ml aiul white mustard seed mucilages pro- 
longed agitation of th(' seed was uniu‘(*t'ssarv anfl th(' mucilage was se]>arated 
by pouring on to a Buchner filtei*, the [)erforatioiis of which were sufficiently 
small to prevent the j)assage of the seed. 

Mel hods of analysis. 

The methods of analysis adoptt‘d throughout may conve'niently be dcscrllx'd 
here. Furfural dehyd(' yields were det(‘rmined by th(‘ staiulard Kruger-Tolhuis- 
Kniber nu^thod [V an der Haar, 1920; Browm*, 1912]. The convt'rsion of fur- 
furaldehyde figiin^s into terms of ]M‘nt()san has h(‘eu purposely avoided, situx' 
this procedure lias been criticised by s(‘veral authors in r*eccnt times \e.(j. tlu' 
critique of Peter et al., 1938], Fven if the Kniber tables for such a conversion 
are substantially correct, it is (\ssential to as(U'rtain in the c^ase of polyuronide' 
material the proportion of furfuraldehydc' arising from pentosan and uroiiic 
acids respectively. It lias be(‘n erroneously assumed in the past that tirouie 
anhydride groups gave one-sixth their weight of furfuraldehyde. Ehrlich and 
Schubert [1929], using pure d-galaeturonic acid monohydrate, found that 2'04 
parts of acid gave one part of furfuraldehydephloroglucide ; i.e. 1 ])art of uronic 
anhydrid(' yields 22-7 % of furfuraldehyde. Thc'se values have Ix^en confirmc'd by 
Norris and Resch [1935]. Since the amount of uronic anhydride in any material 
can be ascertained by the method of Lefevre [1907] and subscapu'nt modifications 
{e.g. those of Nanji et al.^ 1925; Dickson et al., 1930] it is now possibles to cal- 
culate more accurat/dy than hitherto the amount of furfuraldehyde which arises 
from pentose by making due allowance for the furfuraldehyde* yield of flic uronic 
anhydride. 

The det('rinination of methylpentosan in pr(*si^n<‘(' of other furfuraldehyde- 
yielding products ajipc^ars to be wholly inacciirate. The original method pro- 
posed by Ellett and Tollens [1905] makes use of th(j facst that methylpentoses 
give rise on distillation with HCl to methylfurfuraldehyde, which unlike fur- 
furaldehyde forms an alcohol-soluble phloroglucide. With material obtained 
from plant sources the alcoholic extract invariably contains m-hydroxyraethyl- 
furfuraldehyde whi<?h arises in varying amounts from hexosan. The interpre- 
tation of alcohol-soluble phloroglucide* material in tf'rms of methylpentose 
becomes in consequence a doubtful procedure. Experience shows, moreover, 
that in duplicati^ experiments the amounts of alcohol-soluble phloroglucide are 
not concordant unless the rates of distillation arc rigidly standardised, though 
small variations do not affect the absolute furfuraldehyde yield. The presence 
of UK'thylfurfuraldehyde can at least be detected qualitatively by the reddish 
brown colour of the alcoholic extract, and products which contain no rhamnose, 
e.g. the Cross and Bevan cellulose fractions of the mucilages investigated, give 
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only a pale green })hlorogluoid(» extract. With these (considerations in mind it 
has been thought advisabhc to record merely the amount of alcohol-soluble 
phloroglucides expressed as a percentage of the original rnatcTial and to infer 
the presiUKH' or absence of rnethylfHmtose from the colour of the alcoholic 
extract. 

R(‘ducing groups were estimated by the Willstatter and Scliiidel hy[)oiodite 
method [1918), care being taken to obtain conditions of quantitative oxidation 
as outlined by Bail(\v and Hopkins [1933J. CVIlulose determinations were 
(;arri(‘d out by the Cross and Be van [1899J method, nitrogen determinations by 
the mier()-KjeI(lahl method and methoxy-groups by a modifi(;ation of the 
Z(*isei method. 

Acid hydrolysis of cress seed mucilage., 

A typical analysis of cr(‘ss seed mucilage gav(c: ash 1-0%, uronic anhydride^ 
2o’8<^y, furfuraldehyd(‘ 24*/)%, alcohol-soluble phloroglucides 2*86%, Cross and 
He van cellulose 18-3%, midhoxyl 1*4%, nitrogen 0*1 %. 

In geiH'ral the mat('rial was hydrolysed under standard conditions with 
dilute siilplmric acid, which was th<*n removed by addition of barium carbonate 
with rapid mechaniiuil stirring. After filtration, the clear liquid was evaporat(‘d 
in ntnio at 50 , filtcTcd and poun^d into 95 ethyl or methyl alcohol. The 
floc(‘ulum of barium salts was centrifuged off, waslu'd with 95 alcohol, r(‘- 
dissolvt'd in AvattT, r(‘preci|)itate(l with methyl alcohol, once more dissolv(‘d and 
r(‘[)r(‘cipitat(‘d and finally filten'd yielding a compact mass of barium salts. 
Th(‘s(* w(Te washed wdth absolute nudhyl alcoliol and dried in vacuo over 
lii’st at room tera})erature and finally at 70 . Tlu‘ alc;oh()li(* solution containing 
tJi(' sugars was eva]K)rated to a small bulk in tncuo and thinned with mt'thyl 
alcohol to remove a small amount of barium salt, which was separated from the 
sugar s<dution by c(*nf,rifuging. T1 k‘ resulting barium-frev solution was reserved 
for fra<’tionation and crystallisation. 

3() g. of mucilage (ash- and moisture-free basis) were hydrolysed at 80^ for 
20 hc»urs in J litre of 2^(, sulphuric acid. AftcT separation of the cellulose 
r(\sidiu‘ (d) the hydrolysate was tr(*ated in th(5 manner described above and gave 
rise to ft sugar fraction {B) and the barium salt (C). On drying (C) weighed 11 g. 
and contained 15- 1 of barium and 40 0% of uronic anhyclride, values which 
do not (]uit(^ satisfy the requirements of a pro(liu*t composed solely of one or of 
s(*veral aldo bionic nuclei. The salt was therefori' decomposed with the calculated 
amount of sulj)huric acid and subjected to further hydrolysis with 2% acid at 
97' for () hours. From the hydrolysis products were isolated 8 g. of barium 
salt (D) and a sugar fraction (B). The cellulose rt‘sidue (A ) was further hydrolysed 
under tlie same conditions as barium salt {C) and the final residue (F) wras freed 
from acid by washing in water, dehydrated in boiling alcohol and finally dried 
at 105". 

CharcLCterisation of the hydrolysis products. 

Sugar fractions. Fraction (B) was evaporated to dryness and extracted wdth 
750 ml. of boiling absolute alcohol in 50 ml. portions. The united extracts were 
concentrated to a syrup, thinned with 90 % alcohol and left in the ice-chest to 
crystallise. The separated material was filtered on a coarse sintered glass filter, 
wavshed with absolute alcohol and ether and dried in vacuo at 70"" over P 2 ^^ 5 - 
It w^eighed Id g. and proved to be J-arabinose: [a];f+103° (c = l*8). The di- 
phenylhydrazone and (Mmethylphenylhydrazone separated from alcoholic 
solution in the cold and after two recrystallisations from dilute alcohol melted 
at 204'^ and 164‘6‘^ respectively. 
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The sugar fraction {E) together with thci mother-liquor remaining after 
crystallisation of the arabinose from fraction (B) were combined and gave !•! g. 
of galactose Ot^methylphenylhydrazone when treated by the procedure of Van 
der Haar [1920]. The hydrazone was decomposed by formaldehyde by Van dcr 
Haar’s modification of earlier methods. The final s^Tup readily crystallised, and 
the sugar, isolated by the method given above, weighed 0*2 g. and proved to be 
d-galactose: [aK’*f81*7 (c=l*2). On oxidation with nitric acid (sp. gr. 1-12), 
mucic acid was obtained, m.p, 220”. 

d-Glmose from, the cellulose residue (F), The residue on analysis gave: ash 
2-5%, uronic anhydride 1*8%, furfuraldehyde 6-7%. 2*5 g. were hydrolysed 
with cold 72 % sulphuric acid according to the method of Monier- Williams [1921]. 
Of the original residue 0*21 g. remained insoluble. The amount of sugar recovered, 
estimated as glucose by the hypoiodite method, was 90% of the theoretical, 
and the specific rotation, also calculatcnl on this basis, was [a]/"; 4‘40*1”. The 
aqueous sugar solution was evaporated in vacuo and alcohol was added to a 
concentration of 75%. On standing 0*97 g. of crystalline glucose, [aj^ +50” 
(c=l*5), was obtained. The phenylosazone prepared both from the mother- 
liquor and the sugar had the characteristics of glucosazont^, and afh^r several re- 
crystallisations from dilute alcohol melted at 205”. Specific; tc;sts fc^r arabinose 
were negative, although some pemtose was present. 

Barium salt {D). After reprecipitating twice from methyl alcohol, the dric‘d 
salt weighed 8*5 g. and gave on analysis; barium lt)*9%>, uronic anhydride* 
41*5%, methoxyl 2*4%, furfuraldehyde 10*4%, alcohol-soluble phloroglucides 
11-8%, — CHO 3*96%, nitrogen 0*(K)9%; foc])^ +89' (c = 5*8). Except for the 
low reducing power, the analytical figures would indicafr that salt {!.)) (consists 
of a mixture of methylpentose barium uronide and hexose barium uronide. Th(* 
— ^CHO content of the former is 7*1 %, of the latter 6*85 % . The salt in question, 
with a value of 3*96%, approximates more closely to a molecule which c*oul(l 
arise by linkage of two aldobionic acids. This preliminary supposition as to the 
nature of salt (/)) is borne out by later experimcuits. Since, howevc^r, tlie salt 
gives on hydrolysis rhamnose and galactose two possibilities arise: (1) that thes(* 
sugars, linked to galacturonic acid, form part of the sarru* skeletal rnolcM'uh*; 
(2) that ea(;h sugar is a (jomponent of distinct skeletal molecules. For purpost's 
of analytical (comparison it is more convenient to repres(*iit salt (D) under tin* 
first category. The results quoted above are therefor e r eealculafr-d on a methoxy- 
free basis, and compared with the (calculated vahuis for the barium salt of an 
acid produced by linking galac+ose barium uronide with rhamnose barium 
uronide. 



Found 

(/alculated for 


O' 

'o 

^ 3jll.'jeCjj2l'l®' ?o 

Barium 

17*1 

10*85 

Uronic anhydride 

42*0 

43*3 

Furfuraldehyde 

lOo 

9-8* 

Alcohol-soluble 

UV) 



phloroglucides 

—CHO 

4*0 

3*6 

C 

35*0 

35*4 

H 

4*97 

443 


* Calculated by the factor of Ehrlich and Schubert [1929]. 


Oxidation of the barium salt (D). 0-5 g. was simultaneously hydrolysed and 
oxidised in presence of 7 % HBr and bromine by the method of Hcidelberger 
and Goebel [1927]. 0*05 g. of purified mucic acid, m.p. 220”, was obtained^ 
derived solely by oxidation of galacturonic acid and not of galactose. 
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1*62 g. were oxidised by barium hypoiodite, following closely the method 
of Goebel [1927]. The free carbonyl group was thus oxidised to carboxyl, and the 
fully oxidised acid was isolated as the barium salt which contained, after one 
precipitation from methyl alcohol, 23*0% of barium, a value which remained 
unchanged after two further precipitations. On analysis the final product gave : 
barium 23*0%, furfuraldehyde 8*6%, alcohol- soluble phloroglucides 8*0%, 
methoxyl 0*6%, — CHO 0*6% : calculated barium contfmt 22*9%. By way of 
comparison, the barium salt of an oxidised hexoseuronide is 27*0% and of an 
oxidised methyl pen toseuronide 27*9% . If a correction be made for the increase 
in molecular weight which occurs on oxidation, the furfuraldehyde yield of the 
oxidised salt is 9*5%, and of the alcohol-soluble phloroglucides 8*8%, corre- 
sponding to the values 10*4% and 11*9% in the cavse of the original salt. Since 
furfuraldehyde arises solely from uronic acid, and alcohol -soluble phloroglucides 
from rhamnose, the figures indicate that no appreciable oxidation of these two 
components has occurred. 

Hydrolysis of salt {D). 8 g. of the salt aftor precipitation of the barium were 
hydrolysed for 16 hours with 2-5% sulphuric acid in an oil-bath at and 
aft(‘r appropriate tr(*atmc‘nt gave a syrupy sugar fraction ( G) and a barium salt 
(//). The former was dissolved in water, cleared with norite, evaporated to a thin 
syrup and allowed to crystallise in the i(;e-chest. Crj’^stals of /-rhamnose mono- 
hydrate appeared after 2 days and were filtered off after standing for a week. 
They wctc washt'd rapidly with dilute alcohol and dried on a porous plate. They 
weighed 0*36 g. and melted at 94^: [aJJJ , calculated for the anhydrous form, 
-f9*2" (c=l*5). The p-bromophenylosazone melted at 218° and the phenyl- 
osazone at 181 A portion of the mother-liquor after crystallisation of rhamnose 
was treaU'd with a^methylphenylliydrazine in alcoholic solution. A copious 
preeijutate of the galactosehydrazone separated on standing overnight in the cold 
and after two recrystallisations from alcohol melted at 189°. Another portion 
of the mother-liquor was oxidised with nitric acid and gave a precipitate of 
inncic acid, melting after [)urification at 220 \ No other sugars could be detected. 

The barium salt {H) aftt*r purification weighed 2 g. and contained 26*7% 
of barium (calculated for barium galacturonaU*, 26*2%). 1*74 g. were decom- 
})osed with th<» calculated amount of JV/10 sulphuric acid, and the aqueous 
solution after filtration was evaporated in vacuo at 35°, taken up in alcohol and 
again evaporated to a thick syrup, which crystallised on standing for several 
days in a desiccator. The caystals of /S-r/-galact uronic acid were filtered off, 
washed with absolute alcohol and dried on a jwrous plate over sulphuric acid. 
The acid turned brown at 158° and decomposed at 166°; [a];'; , at 11 min,, 4-40°: 
at constant rotation, 4-55*4° (r = l*2). On titration against standard NaOH, 
using phenolphthalein as indicator, 12*10 mg. acid required 3* 10 ml. of .V/50 
NaOH; calculated, 3*14 ml. The — C-HO content, determined by the hv|)oiodite 
method was 13*8%; calculated 14*9%. 0*14 g. oxidised by bromine water at 
room ti'inporature for a week gave 0*06 g. of mucic acid, m.p. 220°. With Schiff's 
reagent the acid gave a colour only after long standing. The j3-d-galaeturonic 
acid isolated by Ehrlich and Schubert [1929] had the following constants: 
M.p. 160°, [a]}?', at 1 min., 4-27°, at 24 hours 4- 55*3°. a-r/-Galacturonic acid 
monohydrate has the same final rotation as the jS-form, but exhibits a downward 
mutarotation. The two forms are readily interconvertible. 

Constitution of the salt (D), The experimental data leave the exact con- 
stitution of the salt an open question. After oxidation by hypoiodite the methyl- 
furfuraldehyde and furfuraldehyde yields indicate that the rhamnose and uronic 
acid components are not appreciably affected and that in consequence the free 
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aldehyde group belongs to the remaining eoniponent, galactose. If this be the 
case, the galactose moiety occupies a terminal jiosition in the skeletal molecule. 
These conclusions, based merely on furfuraldehyde and rnethylfiirfuraldehyde 
yields, would indicate that the salt is a homogeneous product represc'iitable by 
the formula already given, but on such data alone it is perhaps unwise to stress 
the homogeneity of the. salt since* tln^ mucilage itself is an essentially hetero- 
geneous system. The experimental data considered in toto however do conform 
with the view that tin* hydrolysis has lx*en arrested at a stage in which two 
molecules of galacturonic acid are linked to two sugar molecules. 

Fractionation of cress and other seed muciluges. 

Bailey and Norris [1932] showed that white mustard seed mucilage could be 
separated into at least three components by fractionation methods involving tht* 
us(* of cold baryta and hot sodium hydroxide solution In th(* following experi- 
ments the cellulose-containing mucilages of cress and w'hite mustard seed and 
the non-cellulosie mucilage of linseed have be(m subjected to the action of 
baryta in the cold and of boiling 1 % NaOH ; in two eases fractional precipitation 
by alcohol has been achieved. 

Fractionation by means of baryta. 10 g. of mustard seed mucilage*, 10 g. ol* 
cress st*ed mucilage and 40 g. of linseed mucilage (on an ash- and moisture-fr<*e 
basis) were used. The mucilage was dispersed in 100 parts of water and an (*(|ual 
volume of saturated baryta was added, la'ing rigidly excluded. Aft(*r mixing 
and allowing to stand overnight the supt*rnatant liquor v'as sef)arated from 
the baryta-insolubh* residue by decantation or by centrifuging. The r(*sidue was 
8que(*zed free of excess liquor in muslin, redispersed in water and made neutral 
by addition of H(1 ; more acid was added to a concentration of 2 , and complete* 

precipitation was effected by pouring int^ 95% alcohol. The j’csulting product 
w^as freed from a(*id by repeated washings with absolut<* alcohol and dri<*d first 
in vacuo at room temperature and then at 105 "" to constant weight. 

Fractionation by means of sodium hydroxide. The procedurt^ was incorj)orated 
in the general method for the preparation of Ooss and Bevaii celhilost*, wluTcby 
polyuronide material was removed by a preliminary boiling with 1 % NaOH 
for 30 min. 

The analysis of each fraction is given in Table 1. In tin* case of the baryta- # 
insoluble residues the ash consisted almost entirely of barium carbonate, and the 
barium cont^mt only is record(*d. The extent of partition of [xmtosan betwx^cn 
th(* various fractions can be ascertained from the column which rt'cords the 
amount of furfuraldehyde arising solely from pentosan. Attention may be drawn 
to the following points: (1) the extent of solvation of each mucilage in cold 
baryta is deducted from the experimental yi(*ld of insoluble residing and can also 
be. calculated from the amounts of (Voss and Be van cellulose in both produ(*ts. 
The baryta-soluble* portion amounts to 32% for mustard se(*d mucilage, 35% 
for cress seed mucilage and 84% for linst‘t*d mucilage: (2) in gerK‘ral, the baryta- 
insoluble residues, in comy)arison with the original mucilage, contain the same 
amount of pentosan, less methylpentosan and less uronic anhydride, except in 
the case of the linseed residue in which the uronic anhydride content reaches 
41 ^*/o ; (3) the mucilagc^s incompletely precipitated by alcohol contain less uronide 
and less pentosan than those completely precipitated ; (4) th(i Cross and Bevan 
cellulose reshlue of mustard seed contains 5% uronic anhydride and a trace of 
pentosan, whilst that from cress mucilage contains 2% of uronic anhydride but 
yields 20% of furfuraldehyde, a figure which is reduced to about 7% if the 
cellulose is prepared by mild acid hydrolysis of the mucilage. The cellulosic 
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Table J. Analysis of various fracMons of cress, mustard 
and linseed rnucihgc. 

(All rcsultH ralfulat(‘{l on an ash free basis.) 


Ah'ohol- 

soJiibh' 

phloro- 






Furfur- 

glui ides. 








aldehyde 

(Colour of ( 

Voss and 





Uronic 

Furfur- 

from 

extract 

Bevan 



Substance 

Ash 

anhy<lrid(‘ 

aldehyile 

pentosan in Imickcls)* 

cellulose 

Methoxyl Nitrogen 

Mustard seed mucilage 

20 

18 C 

7-27 

:M8 

2Kr)(r.h.) 

43- 1 

1-bO 

0-.3 

Mustard seed mucilage in- 

Cdio 

b-7 

:b70 

l-.'O 

2 7b (r.h.) 

blO 

142 

0-3 

c()nii>lctc‘ly pptd. by 
alcohol 









Baryta-insoluble residue 
of mustard seed mucilage 

Ba-2-2 

11 :i 

.")•;■)({ 

21HI 

L24(r.h.) 

b2'8 

lOb 

0’3 

( 'r()BS and Hcvaii cellulose ( 1 ) (I T 

4-2 

2-9() 

2-00 

(MIS (g ) 

— 

0-9 

04 

(2) or. 

.VH 

2 ‘M> 

104 

040 (£1.) 

-- 

0-7 

0 1 

Cress seed mucilage 

1-C 

20-8 

21 O 

18 (> 

2-8() (r.l).) 

18*3 

140 

04 

(Iress seed mucilage in- 

2-() 

lOo 

k; 

120 

o*4:Mg.) 

I9*b 

1'37 

0-9 

conijdi'tcly pptd. by 
alcohol 









Baryta uisolulih* residue 
of (rcss sc<‘d mucilage 

Ba --10 

18*2 

2(i 2 

22* 1 

10r)(r.h.) 

27*9 

1-80 

04 

Cross and B(‘van ccllujo.se 

3-2 

1*7 

lIbU 

190 

I*«:i (^.) 

— 

0-70 

04 

Linseed mucilagi* 

1 1 

2112 

2I11 

loO 

ILiMr.h.) 

O-.’) 

04 

0-2 

Jlaryta-insoliibh' residue 

Ba -:M 

tl 2 

2lr() 

17 2 

tWMr.h.) 

3 3 

02 

0- 


of linseed mueilaj:(‘ 

* r.l). reddish broun: g. green. 


r(*siflue of iinseiMl amounts only to (bo anil was not invt^stigated ; (o) the nitrogen 
(^ont(‘nt, which (‘xecevls 0*3 <nily in two (^as(‘s, pro}){ibly arises from protein 
impurities. Tlie nudhoxyl groups piTsist through the fractionating ]>rocess. 

From these rt‘sults it is (dear that th(» three mucilages investigatiHl are sy.stems 
of mixed ])o]yuroni(h*s, Tiiose comjKuuuits i‘ontaining most uronic acid groups 
are dissolved, as oih^ would expect, by diluU' baryta, whilst complete or almost, 
complete sobition of th(‘ ])olyuronid(* is effected by boiling with [% XaOH. 
(’autious addition of alcohol to tlu^ aqu(‘ous dis])t‘rsate of the mucilage pre- 
(dpitatiss fractions ])oor in uronic* acid. It is probable that a more rigorous 
fraidionation by alkali and/or alcohol would ptuniit the j>reparation of homo- 
geneous fractions, but this has not yvt Immui attempted. 

Dispersibility of cellulose polyuronide systems. 

The complexity of seed mucilages is illustrated not only by the variety of 
ultimate* hyclrolysis products but also by their amenity to methods of fj’actiona- 
tion, and it is of gixuit interest t^) consider how th(‘ dispersion of a cellulose 
component in such a heterogeneous system can arise. Firstly it must be borne in 
mind that the polysaccharide chains of tin* c(dlulose-(^ontaiiiing mucilages ai’e 
definitely oriented and are precipitated by alcohol from their aqu(‘ 0 us disjiersates 
in the form of short fibres. These are l)e8t obtained from mustard seed mmalage, 
which has a high cellulose content, and the fibrous form indicates that tlie 
polysaccharide chains an* oriented parallel or approximately parallel with each 
other and with the fibre axis. Although the polyuronide chains may not penetrate 
the cellulose micelle tht^y must at least surround it and since they are of com- 
paratively low molecular weight they must also reduce the lateral intermicellar 
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forces l>etween such micelles. Of ihest* forces little is known, but in the case of 
normal cotton fibre they are sufficiently large to prevent dispersion. On im- 
mersion in water, the polyuronide chains, containing ionisable carboxyl groups, 
become hydrated and swell, and the cellulose micelles become dispersed. These 
latter may themselves become hydrated since their affinity for water molecules 
will be enhanced if some of the hexose molecules are oxidised to uronic acid. 
This appears probable in the case of mustard seed mucilage, in which some uronic 
groups resist alkaline leaching. Furtlu^rrnore, if the individual sk(detal chains of 
th(' cellulose (iomponcnt are shoih^r than those of normal cotton fibre, the 
secondary valency or V'an der Waal forces between ntughbouring chains will not 
be so large and will facilitate the entry of water molecules. 

In the dispersf^d condition, th<‘r(»fore, the mucilage consists of a network of 
hydrated cellulose micelles, inters})crs(‘d with th(‘ more heavily hydrated uronide 
chains. The extent of dispersion will depend ultimately on the size of the cellu- 
lose micelle, the chain length and the j)roportion of hydrat<*d (as distinct from 
dissolved) polyuronides. VVben iht‘se latttT are completely dissolvc'd by alkali, 
the cellulose micelles are drawn togf'ther and a visible se[>aration of the cellulose 
component occurs. When, on ih(' other hand, dilute acid is added to the aqueous 
mucilage dispersate, no separation occurs until the polyiiroiiides are hydrolysed 
by heating, and the cellulose component then appears in a gel-like (‘ondition 
and can be obtained in fibrous form by sc|ueezing in muslin. Some of the 
polyuronides in aqueous dispersates of cress sc'cd mucilage are already dissolved 
and can be precipitated by alcohol from the clear aqueous layer which separates 
on high speed centrifuging. 

The importance of the fa(5tors responsible for the hydration and dispersion 
of cellulose polyuronide systems is not confined to the products examined here. 
The cell wall itself is essentially heterogeneous, consisting in the simplest cas(\s 
of a cellulose matrix in close association with polyuronide (i.f . pectin and hemi- 
cellulose) material. In the walls of the meristematie tissue of the shoot apex it 
has been observed that the pectin-(^ellulose complex is heavily hydrated and 
allows of rapid diffusion of soluhl(*- substances [Tupp('r-Carey and Priestle3\ 
1923]. Clearly, if cellulose and polyuronide chains are laid down simultaneously, 
the physical condition (hydration, colloidal state etc.) of the whoh' system will 
be influenced by the exact structural arrangements of its components. In the 
present state of wall chemistry it is impossible to compare the cell wall 
system with the eel liilose- containing mucilag(\s, since it is essential to ascjcrtain 
the orientation and distribution of the polyuronides in th(‘ ctdl wall. TIk^ pectin 
for instance may o(*ciipy a regional position, as in thf^ middlt^ lamella, may be 
distributed uniformly or may altcTnaic with tht* cellulose* in well defined layers, 
a structure which has been assigned by Andej sou [ 1927] to tlie colleuchyma cells 
of fiax bast fibres. A num* detailed discussion of these* }>roblems will be found 
in recent papeTs by Seifriz [1934] and Buston [19351. It is sufficient to em- 
phasise here that the colloidal condition of the* ee*]| wall, before deposition of fat 
and lignin, is intimately relate*d to the raok*cular architecture^ of the cellulose 
and polyuronide components. 

SUMMAKY, 

1. Cress seed mueulage, like white mustard and quince seeul mucilages, con- 
tains a dispersible cellulose component and gives I'ise on acid hydrolysis to 
/-arabiuose, (/-galactose, ?-rhamnoso, d-glucose (from the cellulose component) 
and rZ-galacturonie acid, all of whi(»h have been isolated in crystalline forms. At 
a given stage in the liydrolysis the uronic acid is obtained in a fragment formed 
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pro})ably by linkage of two aldobionic acidH. The barium salt of the uronide 
y)resent at this stage thus conforms analytically, except for tlie reducing power, 
to the requirements of a barium aldobionate. From the hydrolytic products of 
the salt were isolate^d ^-(i-galacturonic acid, /-rhamnose monohydrate and the 
a-vmethylphenylhydrazone of galactosf'. WhethcT the two sugars constitute part 
of one or of sey)arate units is an o]>en question. 

2. The two e(‘llulose-containing mucilages of white mustard seed and the 
non-cellulosic mucilagt^ of linseed are found to be heterogeneous polysaccharide* 
systems which lend themselves to methods of fraijtionation. 

3. The factors res})onsible for Ihe hydration and dispcTsion of the cellulose 
comj)onent in s(*e(l nuKalages and other cellulose* polyuronide systems are 
discussed. 

I am indebted to IVof. A. 0. (Jhihnall, Dr H. W. Buston and Dr P. W. Norris 
for their interest and helpful advdee. 
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The temperature coefficiient of the raU* of fermeiitatiou by living yeast was 
investigated by Slator [19()8J. His results reft^r to th(' reaction which limits 
that fairly uniform rate which is observed over a wide rangt^ of sugar con- 
centration from 1 to 10% in tlu* case of glucose and from 2 to 10% in the (*ase 
of fructose. These uniform rate's and their tem])erature ( fx'fficients were' appi'oxi- 
mately the same for the two sugars. Rowever, th(‘ mark(‘d differc'iu'e between 
the rates of fermentation of the two sugars when the concentrations are low, 
below 1%, and the phenomenon of sidectivx' fi'rrnentation of thc' mix('d sugars 
give rise to the idea that other factors supervc'ue at low concentrations. There' 
are reasons for anticipating an abnormal temperature coetiicient in tlu* ease of 
fruetose, particularly. The change in opti(;al rotation of solutioJis of this sugar 
with change in tempc'ratun* is usually attributed to a change in the dynamict 
equilibrium of the various forms of the sugar wdiich are supposed to bc' })resent 
in solution at t'quilibrium. If we suppose only one (or some) of these com- 
ponents to be specifically fermentable, thrt'x cases can arise when a sufficiently 
dilute solution is fermented, i,e. when the concentration of the fermentable 
component can infliumce the rate of fermentation. Firstly tlu* fermentable 
(component may in(*r(*ase with rise in temperature at the ('xpense of the un- 
fermentable one; in this case the observ(*d tempcu'aturc coefiicient will b(* ab- 
normally high. Secondly the fermentable component may d(‘crease with rise in 
temperature and an abnormally low te'mperature coefficient bt* observed. 
Thirdly, despite changes in the dynamic (?quilibrium, the fermtuitabh? component 
itself may not change in concentration with rise in tempera tun', in which case 
the temperature coefficient should be normal and the sanu* as at higher con- 
centrations of fructose where the concentration has no appreciable (»ffect on the 
rate of fermentation. These considerations do not apply in the t^ase of glucose, so 
that a comparison between the behaviours of the two sugars, glucose being 
provisionally regarded as a standard, should enable us to dc'cide between the 
tliree possible cases discussed above. 

Experimental. 

The technique employed was exactly as descril)ed by Hopkins and Roberts 
[1935J. For each concentration of sugar, the observations at all temperatures 
were made with the same stock of yeast on the sam(^ day. The figures given in 

( 2486 ) 
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the table below are the ratio, velocity of fermentation at ^+5*^: velocity of 
fermentation at They are represented graphically in Fig. 1, as ordinates, 
plotted against t as abscissae. 



Fi^. 1. T(*miK*raturc (’Oftlirients (ordinates). Teniperature (ab«eissae). 

Exj). 1. (Glucose or fructose 0*25-5*0 g. Pressed yeast 2 g. Temp. 15-40''. 
Total volume UK) ml. 


Table 1. Temperature c-oefficienis /Vj . 


Concentration of sugar 

Temp, if) 

0-250,, 

0*5Vo 

bOVo 

Glucose 

■>.rcO/ 

5-0«o 

15 

203 

2-03 

1-97 

1-97 

201 

20 

1*72 

1-75 

1-70 

1-73 

1-75 

25 

1-55 

1-66 

1-59 

1-61 

1-59 

30 

1-42 

147 

148 

144 

1-44 

35 

1'20 

1-22 

1-28 

Fructose 

1*23 

1*25 

15 

1-64 

1*71 

1*96 

202 

1*99 

20 

1-45 

1-54 

1*79 

1*76 

1*76 

25 

1*38 

146 

1-61 

1-62 

1-59 

30 

1-34 

1 41 

145 

143 

1 47 

35 

M3 

M8 

1-21 

1-27 

1*23 
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Discussion. 

The results show that the temperature coefficient of rate of fermentation of 
glucose over the range of temperature 15''-40"’ is independent of the concen- 
tration of glucose between 0*25 and 5-0%. The mean values, 2-0, 1-73, 1*60, 1*45 
and 1*24 have been confirmed by other exp(‘riments. The corresponding results 
for fructose, however, exhibit an anomaly in the region of low concentration 
where the latter exerts the greatest effect on the rate of fermentation. At 1 % 
concentration and above, the curves for fructose coincide with those for glucose, 
but below 1% concentration they fall below the latter, lower temperature 
coefficients being observed. The simplest explanation of this is that, with rise 
in temperature, the fermentable component in fructose solutions decT(‘ases in 
concentration. There are objections to this explanation, however, which may be 
dealt with in a later communication. However it can be shown here that there 
are good grounds for the view that the rate of fermentation of fructose at these 
low concentrations is actually limited by the rate of mutarotation, i.e, the rate 
at which the fermentable component is restored by change in the dynamic 
equilibrium. 

If it be assumed that the sugar in solution at equilibrium contains one com- 
ponent which is specifically fermented and another or others which arc not, 
then fermentation will result in the removal of the one component and its 
continual replacement from the other or others until exhaustion of the latter 
supervenes. If the concentration of total sugar is low enough, a limiting factor 
controlling the rate of fermentation will be the concentration of the fermentable 
component, and, unless its replacement is faster than its removal, the rate of 
mutarotation will become the controlling factor. The temperature coefficients 
of the latter factor are less than those of the rate of fermentation at normal 
concentrations of fructose but are reasonably (iose to those of fermentation of 
fructose at low concentrations. To ascertain the temperature' coefficients of 
mutarotation of fructose, reference w^as made to the data furnished by Nelson 
and Beegle [1919], and the values calculated for 6*U'~6*2. This is the value of the 
Pji of the contents of brewer’s yeast cells observed by Tait and Fletcher [ 1 926 ) 
and by Mahdihassan [1930]. It was assumed that all components of the sugar 
diffuse into the cell, the removal of the fermentable one takes place within, and 
its replacement follows from the sugar in the immediate vicinity, i.t. within the 
cell and therefore at a rate controlled by the n'action of the highly buffered c*ell 
contents. The temperature coefficients so obtainc'd were : 

These refer to the velocity constants of the mutarotation unimolecularly of 
jS (2, 6)-fructose ([a];>— 130*8'' at all temperatures Investigated) to equibbrium 
at the respective temperatures. But the equilibrium ])oint varies with temperature 

so that the value of a in the equation ^*=1 In is different for the different 

i a — x 

temperatures. In calculating their velocity constants Nelson and Beegle put 
Q, poo and u ir =p "~*porj , 

where initial specific rotation, 

p = spi^cific rotation at time t, 

— specific rotation at equilibrium, 
and varies with temperature. 

However the values of Nelson and Beegle’s temperature coefficients can be 
shown to apply to this case as may be seen from tlu' following considerations. 



KINETICS OF ALCOHOLIC FERMENTATION 


2489 


Consider a small quantity of fermentable component bx to have been removed 
from the solution at equilibrium, thus changing the specific rotation by an 
amount bp. The velocity at which this quantity will be restored will be kbp^ 

since for a unimolecular reaction ^^j — k (a — a*), and in this case a — x is denoted 

by bp. At temperatures T, and let the corresponding unimolecular velocity 
constants be k^ and k^^ Then the velocities at which 8a: of fermentable com- 
ponent will be restored will be k^bp and k^p respectively, and the temperature 
coefficient , 

/dx\ 


or 


(S). 




^2) 


Integrating, 


h' 


Ina^ ~ In (aj - 
bui^^ - In {a.^ - 


_£i ) ^2 
^' 2 ) 


Since — and — ^* 2 ) small, their value approaches zero, and the 

value of their logarithm approaches — co so that this expression becomes or 

the invt'rH(‘ ratio of the times re<[uired at the respective temperatures to restore 
the same small (jiiantity bp of fermentable comf)onent. 

C'Om})anrjg the temperature coefficients of the velocity constants of rnuta- 
rotation to equilibrium of /3 (2, fi)-fruct 08 e and those of a- or j3-glucose, calculated 
similarly and derived from the fiata furnished by Nelson and Beegle, with thos(‘ 
of tht‘ rate of f(‘rmentation rf*ported above the following summary is obtained. 


Te mperatu re mefficic nis . 

Mutarofation Fornicntation 


(X* or ^-(lllii(‘ 0 .s(‘ 

jS (2, (5)-FriU‘tost* 

xj3-(5iucose 

Equilibrium fructose 

conceiitratioii 

concentration 




1-5% 0 25-’„ 

yrJVn- 


,3-46 

3-40 2-38 


1S() 

2-32 

2-32 185 


It will be seen that the values of fermentation tcunperature coefficients for 
fructose at 0*25% concentration are much lower than the corresponding values 
for higher concentrations or the values for glucose. On the other hand th<‘y 
show a significantly close agreement with the corresponding temperature coeffi- 
cients of rate of mutarotation of j8 (2, 6)-fructose, With (concentrations not low^er 
than 0-25% the rate of fermentation of a^-glueose is not controlled by rate of 
mutarotation. 

The general conclusion emerges that, of fructose in solution at e(puli])rium, 
one component only is specifically fermented, and this component is con- 
tinually restored from the other component or components. If appropriate 
conditions are employed the rate of fermentation is actually limiU*d by the rate 
of mutarotation. The conclusion is also implicit that the fermentable component 
is a relatively small proportion of the total sugar present. 


Summary. 

1 . The temperature coefficients of rate of fermentation of glucose and fructose 
solutions at equilibrium over the range 0*25 to 5*0 % concentration and 15 to 40“^ 
have been determined. 
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2. Except in th<' cane of fructose at (concentrations as low as 0*5% or less, 
these temperature (coeiSioients are in (*lose agreement for (‘ither sugar and for 
any concentration. 

3. In tluc ease of fructose at 0*25 % concentration the temperature coefficients 
of rate of fermentation are in significantly clostc agreement with the (corre- 
sponding temperature coefficients of velocity of mutarotation of j8 (2, 6)-fructose 
to equilibrium. 

4. It is infernal that, of fructose in solution at equilibrium, one component 
only is specifically ferment(Hl, and that tbr rate at which it is restored from the 
other components is the factor limiting the rat(‘ of fernuuitation when the 
concentration of sugar is as low as 0*25 % . 
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It has bmi s^ispecknl that som(‘ of the diets usimI in vdtamin work, whioh 
(‘ontain protidn in the form of purified easeinogen, may be detieient in evstine. 
ThiN is partieuIarJy the eas(' with du^ts used in experinu^nts with th(^ B-vitamins, 
sine(‘ tl)os(‘ used in the study of the fat-sohibh* vitamins usually contain the 
B- vitamins in tiie form of yeast or yeast extracts, whi(‘h are rich in (‘vstine. 

The realisation of this fa(d> has Jed some workc'rs to guard against the 
possiluiity of a d<dieiencv l>y adding cystitu* to th(‘ diet [Jansen, personal 
communication ; Block and Farcpiar, 1033] and has h‘fj others to consider* whether 
the s3'ndronu‘ of growth failun* and dermatitis, hitherto considtTed to be due to 
a dfdicicmcy of vitamin Bo, ma\' not in reality be due, in jiart, to a deficienev of 
evstine. This view has n‘C(‘ntly b(‘en put forward by Ittei* ef al. [1035]. 

In J032, with the id(‘a of investigating this rpuNstion, we studied the effect 
of variations in the cystine content of th(* diet on tin* grow-th of rats recioiving 
diff(‘rent amounts of vitamin Bo and on th(‘ dtTrnatitis developing in rats deprived 
of tins vitamin. Althougli it was found that one of the samples of purificHl 
eas(‘inogen used had a low contiuit of cystim*, the defieieiu*^^ of cystine in tlie 
diet was found to be slight, and no interrelation between cystine and vitamin 
Rj could be found . The wor k was therefore not published. The results we obtained, 
how(‘ver, jiartly confirm and partly ext(*nd the recentl,y published work of 
Itt-er et al., and as thev lead us to different conclusions, it is now thought 
d('sirabl(‘ iliat they should lx* published. 

Mkthods. 

Hats weighing .‘J5-5U g., immediately after weaning, were fed on the o\|K*rimontal diets, whieh 
all (‘ontainod easoinogim rice starch cott-on-aeed oil 15 and .salt mixture (M(‘(/ollum's 

No. 185) 5% and wore cooked in a steamer for 3-5 hours with water. They were supplemented 
with daily doses of eod Jiv<‘r oil and (‘oncentratea of vitamins Bj and Bg. 

I’hrce preparations of caseinogen were used and two of these were supplemented wdth extra 
cystine, making in all five different diets: 

(1) Diet K, containing 0*019% cystine, made with piirilied caseinogen, “Glaxo physiological 
caseinogen, AB" of cystine content 0*11 %. 

(2) Diet P2L, containing 0*040% cystine, made with Lister Institute purified caseinogen 
Le. Chick and Roseoc, 1928] of cystine content 0*22 Vu* 

(3) Diet FL, containing 0*002% cystine, made with impurified “Light w^hite casein’’ of 
cystine content 0*32 % . 

(4) Diet OK, 0*209% total cystine, made with “Glaxo purified caseinogen” and 0*25 
additional cystine. 

^ This work was carried out during the tenure of a Beit Memorial Hosearch Fellowship. 

( 2491 ) 
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(5) Diet CFL, 0*312 % total cystine, made with unpurified “Light white casein” and 0*25 % 
additional cystine. 

The cystine used was Z-cystine obtained from Hoifman*La Roche. 

V^itamin Bj was given in the form of Peters’s concentrate from yeast [Chick and Roacoe, 1929]; 
this was found to contain 20 mg./lOO g. of cystine, the daily dose of 01 ml. ( = 0*6 g. dry yeast) 
thus providing 0*02 mg,, a negligible amount. 

Vitamin B, was given as various watery extracts from yeast, autoclaved either in an acid 
medium for 5 hours, or in an alkaline me<lium for 1 hour, in order to destroy vitamin [Hoscoe, 
1933, 21. Both these preparations were found to contain 30 mg./ 100 g. of cystine, the daily doses 
of 0*5~-l‘0 ml. (s0-25~0*5 g. dry yeast) containing 0*ir)~0'30 mg. of cystine. The presence of 
cystine in these autoclave<l extracts is interesting, since it lias been generally thought that such 
treatment would completely destroy this amino-acid. 

The cystine estimations were earned out by the modified Sullivan method described by 
Prunty [1933J. This involves reduction of the cystine to cysteine, so that both amino-acids, if 
present, are estimated together. 

The glutathione estimations were made ac i'ording to the method of Tunnieliffe [1925J. I’hc 
animals were anaesthetised with ether, the thorax was cut ox)en and blood removed from the 
heart with a syringe, about 4 ml. being the amount obtained from a KX) g. rat. About 10 g. eac h 
of liver and muscle wort* removed as quickly as po.s.sible, weighed and ground witli sand, the 
muscle having been first roughly chojipcd with scissors. 

It was not found possilde to make diijilicate estimations so that it did not seem justifiable to 
calculate the results to smaller amounts than 10 mg./lOO g. 


Kxpekimentai.. 

A. The effect of the proportion of cystine in the diet on the occurrence of 
dermatitis i n rats deprived of vitamin B > . 

liter et aL [1935], discussing the possible role of iiie siilpliydryl gi'onj) in 
vitamin 132 deficiency, suggested that “the' variability of tlu^ cystine contemt of 
different caseins may account for the inconstant results frequently observed in 
producing the defieiency In support of this they quote the eonelusion of 
Chick and Koscoe [1928|, that in order to obtain d(Tmatitis it was necjessarv 
rigidly to purify the caseinogen of the basal diet, whieh process would be liabb' 
to reduce the cystiiu' conL'ut. 

Koscoe [1933, 1] however, as llie result of a more prolong('d study, found 
that the purification of the easi'inogen had no significant effect on the incidence 
of dermatitis. These results an* givem again in Table 1, Exj). 1. Neither tin* 
number of rats developing dermatitis nor ifie time during whi(;h they received 
the deficient diet before symptoms developed was afft'('ted by the amount of 
cystine in the diet. 

Table I. Incidence of dernmtitis and tveight increase among rats deprived of 
vitamin and> receiving diets containing varying amounts of cystine. 

Average 




Cystine 




time for 

Average 



•No. of 

No. of rats 


develop- 

weight 


y 

content 

% of rats 

ment of 

increase in 

Exi>, 


of diet 

ratH 

developing 

developing 

dermatitis 

5 weeks 

No. 

Diet 

<>/ 

/O 

observc<l 

dermatitis 

dermatitis 

weeks 

g* 

1 

K 

0*019 

22 

13 

04 

8 

4 


r2L 

0 040 

107 

01 

57 

11 

8 


FL 

0*002 

54 

36 

07 

9 

20 

2 

FL 

0*002 

17 

13 

70 

9 

21 


CFh 

0*312 

11 

8 

73 

9 

19 
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In Table 1, Exp. 2, are shown the results of a further small experiment, in 
which the diet FL and the same dit^t with added cystine (CFL) were fed to rats 
from the same litt(TS. Tlu^ imadeiur of dermatitis was in no wis(^ affected by this 
addition to the diet. 

B. The effect of the proportion of cystine in the diet on the 
growth of rats. 

In th(i last column of Tal)l(* 1 are shown the increases in weight of rats deprived 
of vitamin during tlu* first 5 weths of defi< iency. It will be s(‘en that, altlumgh 
the cystin(‘ (‘onb'nt of* tlie di(d did not aif(‘ct tiu* incidenc(‘ of dermatitis, it 
appears to have influenced the growth of the animals. Thus, in Exp. I, th(^ 
average wtught increases observed during tlie 5 weeks wctc 4, S and 20 g. foi* 
rats r('C(4vdng the clicks containing 0*010, 0*040 and 0*002% cystine respectively. 
Increasing th(‘ cystine conOaO- beyond this p(»int (Exp. 2) from 0*002 to 0*312% 
did not improve, the growth and it may thendbn* be suppos(‘(l tliat tlie 0*002% 
lcv(4 was ad(Mjuate. 

Thes(‘ results are striking, but it should 1)(‘ borne in mind that the different 
midhods <nnplo\ed for }>urifying tlie caseinogen may have afFect(‘d it in other 
ways than by altering the cystine content, and that the diftV*r(*nt rats inehuh'd 
in Ex}). 1 w(*i‘e not observcul coneiirnaitly, but over a number of y(‘ars, so that 
variations in their r(‘S(Tv^(.‘S and in other (‘xpcrimental conditions mav' ])ossibly 
hav(‘ liad an (41(*ct on growth [f\ (4iick ei u/., 19351. 

TJir(‘(* more comparable e\])(uimcnts were carried out, in whicli rats reiieived 
diets containing varying amounts of cystine togetlun* with sub-optimum 
amounts of vitamin B^. Tlussc results are given in Table II. In Exp. 3 the 

Tabl(‘ IJ. W eight increast of rats receiving diets containing varying amotuits 
of cystine and varying sub-opfiwnni amounts of vitamin U^. 



(Vsiuio 

Weisilit increase observed during 

5 weeks, 


content 

— 

__ ‘ 

— ,, 

Diet 

<■* 

/o 

Kx]i. 3* 

Kxp. 4 

Exp, 5 

K 

U-U19 


54 

o' S9 




J 52 

V 00 




— 

9 t)9 



Average 

53 

75 

CK 

0*209 

— 

0 4 

c?92 




V 0)0 

9 02 





9 79 



Av'orage 

02 

78 

FL 

0002 

J 57, :>(. 

o"b3 

d80 



V 00, 37 

9 54 

9 W 


Average 52 

58 

80 

CFL 

0*312 

0)3, 03 





f 54, 42 




Average 55 




* Thc'so rats were observed for two ]»eriods of 5 weeks eac'li. 

addition of i)-25% cystine to the diet FL containing unpurified caseinogen was 
again found to have no effect on wtdght increase. In Kxpa. 4 and 5, 0*25% 
cystine was added to the diet K, containing the purifiecl Glaxo caseinogen, 
whilst rats receiving the diet FL, containing unpurified caseinogen, were observed 
simultaneously as controls. In Exp, 4 a low level of vitamin Bg was fed and there 
was a slight improvement in growth, 02 g. against 53 g. in 5 weeks, when the 
Biochem. 1935 xxix 159 
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additional cystine was given. In Exp. 5 where the vitamin intake was higher, 
there was no significant difference, the increase in weight with the extra cystine 
being 78 g. in 5 weeks, as against 75 g. In both Exps. 4 and 5 the growth of the 
rats receiving the Glaxo caseinogen diet supplemented with cystine was as good 
as that of the rats with the diet containing unpurified caseinogen. 

It thus appeared that the purified Glaxo caseinogen diet and the Lister 
purified caseinogen diet did not contain enough cystine for the growth of young 
rats, but that this deficiency did not affect the occurrence of dermatitis due to 
vitamin Bg deficiency. 

C. Glutathione content of the tissues of rats receiving 
synthetic diets. 

In most cases in which estimations have been made of the sulphydryl 
content of the tissues of animals deprived of the B- vitamins, the animals were 
deprived of the entire vitamin B complex or of vitamin B^ [Abderhalden and 
Wertheimer, 1923; Randoin and Fabre, 1927; 1931; Drummond and Marrian, 
1926]. The results have been, in any case, conflicting. 

The effect of a diet low in cystine on the sulphydryl content of tissues was 
also inv<?stigated by Abderhalden [1922], who found that tissues from rats on 
such diets gave a very WTak nitroprusside reaction. In this case the animals 
were supplied with the B- vitamins. 

Itter et ah [1935] found that rats fed on their experimental diet, containing 
purified caseinogen, showed variations in the glutathione contcmt of the tissues 
which bore a relation to the vitamin Bg-containing supplements fed. Thus when 
no vitamin Bg was given, the average glutathione content of the blood was 
29*4 mg./lOO ml. and that of the liver 143 mg./lOO g. ; when 5 % dried yeast was 
added to the diet, these amounts were increased to 49*0 mg. and 177 rag. 
respectively. Supplements of autoclaved yeast, of glutathione or of cysteine 
hydrochloride raised the glutathione level of the liver to the same extent as 
dried yeast but did not affect that of the blood. 

The results which we obtained for tho. glutathione content of blood, liver and 
muscle, are given in Table III. They show that the glutathione content of the 
tissues was not influenced by the variations in the cystine content of the diets. 
It is possible, however, that had the amounts of cystine fed been still lower 

Table 111. Glutathione content of the tissues of rats (ca. 100 g. weight) receiving 
diets containing varying amounts of cystine, with and without vitamin 
(hO mX, of autoclaved yeast extract containing enough vitamin to promote 50 g, 
weight increase in 6 weeks). 




No. of 
weeks 





Cystine 

during 


Glutathione 



content 

of diet Vitamin 

which 

diet 





Blood 

Liver 

"" ' 1 ... . 

Muscle 

Diet 

o/ n 

was fed 

mg./lOO ml. 

mg./lOO g. 

mg./lOO g. 

K 

0*019 i- 

6 

40, 40, 30 

2(K), 180, 180 

40. 40, 30 



13 

40, 30 

240, ir>o 

30, 30 

CK 

0*209 

6 

40, 40, 30 

190, 190, 160 

40, 40, 30 



13 

40, 40 

170, 170 

30,30 

FL 

0*062 4- 

12 

40, 40 

40. 30 

230, 160 

40, 30 



13 

190, 170 

30, 30 


- 

12 

40, 40 

230, 210 

40, 30 

Mixed stock diet 

— 

40, 30 

240, 230 

50,30 
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there might have been a reduction in the glutathione levels, and the fact that 
Itter et aL observed values as low as 20 mg./lOO ml. for blood and 100 mg./lOO g. 
for liver, as compared with our lowest values of 30 mg. for blood and 150 mg. 
for liver, would seem to indicate that their purified easeinogen contained less 
cystine than did the Glaxo purified easeinogen used by us (see Diet K, Table III). 

The two rats totally dcj)rived of vitamin Bg receiving the adequate cystine 
diet (FL) showed a glutathione conttmt of the tissues as high as that of the 
animals receiving the same diet with sub-optimum amounts of the vitamin, 
or of those receiving an adequate stock diet. Thus, if a diet contained adequate 
cystine, it did not appear that the vitamin Bg intake influenced the glutathione 
content of the tissues. Glutathione determinations could not be made on the 
tissues of rats receiving a cystine-deficient diet, without any vitamin Bg , owing 
to the small size of these animals. 


D1SCU.SSION. 

The results described above confirm the fact that easeinogen, which in any 
case is not rich in cystine [Osborne and Mendel, 1915], may be so affected by 
lh(‘ extraction and heating processes used during its “purification"’, that a level 
of 20% in the diet is no longer adequate for the gi’owth of rats. The glutathione 
content of the tissues, however, was not found to be affected by a level of 
(^ystiiK' intak(» which w^as sufficiently low to retard growth. 

It may perhaps be noted that Osborne and Mendel found that 15 % unpurified 
<‘iiseinogt*n in the diet was the lowest level which provided sufficient cystine for 
th(‘ normal growth of young rats. It is therefore to be expected that reducing 
the cystine content of the easeinogen by more than one quarter will produce 
li cystitu* deficiency when the easeinogen is fed at a 20% level. 

From such results as these however it is impossible to compute accurately 
the quantitative needs of the rat for this amino-acid. Not only is there no 
acj(*eptcd standard m(»tliod of estimating cystine in biological mat(*riaLs, but as 
yet there is also no agrt'cment as to the extent to which cystine and cysteine 
can bi* rcplactMi by methionine'. It has been suggested recently [Brand et aL, 
1935] that cystine and glutathione are metabolised by a separate path from 
cysteine and methionine. If this holds true for normal animals as well as for 
those suffering from cystiimria, on which the experiments were performed, it 
would seem ju'obabh' that even cysteine cannot replace cystine in the diet. In 
our work, wdiieh was carried out before the more recent papers on the subject 
were published, no distinction was made between cystine and cysteine, and 
methionine was not <;onsidered. 

Although it must now be recognised that, in many cases, animals fed on 
diets thought to be complete in every factor except vitamin Bg were in fact also 
inadequately supplied with cystine, it does not appear that this cystine de- 
ficiency materially affected the syndrome of vitamin B 2 deficiency. 

Both cystine and vitamin Bg are necessary for the growth of rats, and since 
a number of vitamin Ba-C/Ontaining substances also rich in cystine, it is 
possible that quantitative errors have occurred in vitamin Bg estimations in 
which the basal diet employed contained purified easeinogen. It is doubtful 
however whether these errors would have been large enough to be significant. 

The only observation in our work which suggested that vitamin Bg and 
cystine might have a supplementary action was the fact that the cystine in- 
adequacy of the purified easeinogen diet (K) was less apparent at the higher 
levels of vitamin intake (see Table 11). This effect was not duo to the addition 

159—2 
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of more cystine in increasing doses of auto<ilaved yeast extract, for the vitamin 
Bg preparations used contained varying proportions of cystine. Thus the vitamin 
Bg-containing dose given in Exp. 5, where tlie largest amount of vitamin Bg 
was fed, contained less cystine (0*22 mg. daily) than the dose given in Exp. 4 
(0-30 mg. daily), whilst the growth in Exp. 5 was definitely superior. It was 
however possible that this result might be explained by the fact that the rats 
re(?eiving little or no vitamin Bg at(‘ poorly, whilst those receiving more vitamin 
Bg ate more freely. In this way the cystine intake.* might be increased sufficiently 
to satisfy the physiological riKpiirements. 

Growth, being d(*pendent on so many factors, is at best an unsatisfactory 
criterion for work of this ty}>e, and the absence of correlation between the 
cystine content of the diet and the incidence of vitamin Bg deficiency dermatitis 
disprovt's any relationship between cystine and vitamin Bg mon* ck‘arly than 
can any observations on growth. 

Our results do not agree with those of Itter et al 1 1935], who foinid that the 
skin symptoms developed by their I'ats receiving a vitamin Bg-deficient diet 
were cured by the addition of glutathione or cysf4*ine hydrochloride* to the di(*t. 
Our rats however exhibited an acute inflammatory dc^rmatitis [Goldbt*.rg(*r and 
Lillie, 192b; Chick and Bosco(‘, 1927: Hoscoe, 1933, 1], described by Gy()rgy 
[1934] as the “specific” type of dermatitis, and by Chick vt al. [BkioJ as the 
florid or (a) typ(\ Bats developing tin* (b) type desciibed by tlu* latter workers, 
the “non-specific” type of Gyorgy, were not includt‘d in our observations. The 
rats observed by Itter et al., however, did not show a florid inflammatory 
dermatitis, and the alopecia they descaabe is not 8yKa‘ifi(‘. for vitamin IL deficiency 
and may be caused when rats, fed on atiy insufficient diet, pluck themselves or 
each other. Such a condition might W(*ll be ciir(‘d more rapidly w'h(*n cystine is 
added to the di(‘t, since sulphur-containing amino-acids are ii(‘eded for the 
growth of hair. 

In our (‘xperiments th(* failure of large amounts of cystiru* ((’PL <liet) to 
prevent the oc(niiTen(;e of the* dermatitis characteristic of’ vitamin Bg d(‘fieiency 
would seem to indicate clearly that this type of skin lesion is not conn(*(‘t(*d with 
cystine metabol ism . 

Since this w^ork was carried out, vitamin Bg has bet'U resolved into tw^o 
factors I Kuhn et al., 1933, 1; 2; cfo.J, om^ factor being a lyochrome (flavin) and 
the second known as the supplement or vitamin Bg. In our work, the* effects 
stated to be due to abs(*nc(* of vitamin Bg were due to absence of’ the whole 
vitamin Bg complex, for it has be(‘n shown that the yc^ast concentrates used in 
this laboratmy as sources of vitamin Bj contains no signiflcaTit amounts of 
either flavin or supplement in the doses giv(*n. Separate (*xperiment8 might 
therefore seem to b(* needed to show whether thc^ failure of cystine to ameliorate 
symptoms of vitamin Bg deficiency was due to the simultaneous need for another 
component of the complex. But it is obvious that ( ystijjo cannot take the place 
of either the flavin or the supplement, for Chick H al. [1935] have produced 
symptoms both of flavin deficiency and of supplement deficienciy in rats fed on 
diets containing the; unpurifled “Light white casein” shown here to contain 
adequate amounts of cystine. 

Hitmmary. 

1. Confirmation has been obtained of the fa(;t that some specimens of 
purified cast*inogen, used in basal diets for vitamin work, are deficient in cystine. 

2. When vitamin Bg deficiency was coni])! legated by a d<‘fici(*ncy of cystine, 
to such an extent that growth was aff’tufted, the incidence of dermatitis was not 
influenced. 
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3. No relation has been found betwetm cystine and the vitamin Bg complex 
in the nutrition of the rat. 

4. Within the limits observed, the cyntine intake of rats was not found to 
influence the glutathione content of the tissues. 

Our thanks are due to Dr H. Chick for advice and criticism. 
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CCXCIX. KETOGENESIS-ANTIKETOGENESIS. 

11. KETOGENESIS FROM AMINO-ACIDS. 

By NORMAN LOWTHER EDSON. 

From the Biochemical Laboratory, Cambridge. 

(Received September 30th, 1935.) 

The fundamental facts of ketone-body formation from the arnino-acids were 
established by Gustav Embden. The possible existence of a new factor arises 
from the work of Annau [1934J, who discovered that ammonium chloride is a 
ketogenic agent in chopped liver. Recently the ammonia effect was examined 
in further detail with rat liver slices [Edson, 1935]. 

As a result it became important to decide if the ammonia which is liberated 
during deamination plays a ketogenic role in the intermediary metabolism of 
the amino-acids. This question was investigated by determining ketone-body 
formation in liver slic'cs which were permitfrd to survive in phosphate-Ringer 
solution containing amino-acids. Since it is knowm that the naturally occurring 
stereoisomerides of the amino-acids are deaminated more slowly than the non- 
natural ones [Krebs, 1935], it was of interest to examine both series. 

Methods. 

The methods employed, including those used for the estimation of ketono- 
bodies, have been described in earlier work [Edson, 1935]. As before the animals 
were young male rats (3-6 months) of a uniform laboratory strain. The liver 
slices (20-30 mg. dry weight) were immersed in 2 ml. phosphate-Ringer solution, 

7-4, and shaken under an oxygen atmosphere for 2 hours in a thermostat at 
Respiration and acetoacetic (^-ketonic) acid production were measured 
as a routine. 

Amino-acid solutions, 0^2 iff, were added to the Ringer solution in such 
quantities as to make a final concentration of 0*01 or 0'02i¥, except in those 
cas(is — ^tyrosine and cystine — ^where the solubility was very low, and then the 
Ringer solution was saturated with amino-acid at the temperature of the ther- 
mostat. Tyrosine and cystine were added as solids in amounts sufficient to give 
0-01 iff solutions, but owing to the low solubility the saline remained saturated 
with excess substrate after 2 hours’ contact with tissue. Slices which had been 
immersed in saturated solutions required thorough washing to remove solid 
particles. Histidine was used in a concentration of 0-005iff be()ause stronger 
solutions depressed respiratory activity. The dicarboxylic amino-acids were 
neutralised with sodium bicarbonate and the diamino-acids with HCl. 

The values for ^-ketonic acid production which are reported in this paper 
were determined manometrically by the aniline citrate meth(xl; but wherever 
possible they were checked by means of a modified Van Slyke procedure, which 
however is not applicable to the special cases of tryptophan, tyrosine, cystine 
and histidine. 

Units. The tissue metabolism is expressed by the following quotients: 
t>xygen consumption per mg. dry weight of tissue per hour. 

COg (acetoacetic (j8-ketonic) acid) formed per mg. dry weight of 
tissue per hour. 1 millimol. jS-ketonic acid=sl millimol. COg. 

( 2498 ) 
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Experimental. 

Ketogenesis from the amino-acids. 

It was desirable to examine the antiketogenic properties of amino-acids in 
the liver of a starved animal as well as to investigate any ketogenic tendencies 
which they might have in the well-nourished organ. Accordingly the experi- 
ments were conducted in two separate series, one with rats which had been 
given full liberty to feed and the other with rats that had been starved for 
24 hours. 

(а) The well-nourished animal. In every case two controls were provided 
for comparison with the effect of the amino-acid: to one no substrate was added, 
and the other contained ammonium chloride in an initial concentration of 
0-04 M. The results of tyj)ical experiments are collected in Table I. 

Wlu»ti the data of Table I are examined the following points will be 
noticed : 

1. The absolute values for acetoacetic (or jS-ketonic) acid production from 
amino-acids which yi(dd ketone- bodies are small and in no way comparable wdth 
those obtaini^d when th(‘ substrates are fatty acdds. 

2. Tn the preseiu'e* of tryptophan, proline, cystine, ornithine, lysine, aspartic 
acid and l( + )4solo\iome the values of are no higher than those of the 
controls. 

3. In accordance wdth the traditional view tyrosine, phenylalanine and leu- 
cine prove to be kt^togenic. 

4. H ydroxyproline, the ultimate fate of which is not record(‘d in the literature, 
is k(‘tog(‘nic to about the same degree. The remaining amino-acids — ^glycine, 
alanine, serine, a-aminobutyrie acid, valine, norleucine, rf(~)-?5oleucine, 
methionine, glutamic acid, histidine* and arginine — present low values of , 
which nev(*rtlieless are higher than those of the controls. 

5. If the ketogt*nic effect of amino-acids bo compared with that of 0*043/ 
ammonium chloiide, it is observed that tyrosine, phenylalanine, d/-leucine and 
hydroxjTiroline give values of of the same order; for Z( — )-lcucine 
is somewhat lower but in the case of all other amino-acids the quotients for 
ketone-body formation are lower than those for ammonium chloride. 

In this work the term ‘"ketogenic’’ has lx*en used to denote an agent which 
increases the yield of ketone-bodies in living tissues. This does not necessarily 
mean that the substance itself is convt‘rted into ketone- bodies, e.g, certain 
amino-acids are ketogenic altlumgh the carbon skeleton does not form ketone- 
bodies. 

(б) The sta/rved anmal. The series was repeated on rats w'hich had been 
starved for 24 hours. Representative results are shown in Table II. Ammonium 
chloride controls were omitted, because ammonia has no ketogenic action on 
starved liver in the absence of substrate. 

With regard to the starved animal the following points are noteworthy: 

1. The only amino-acid which is markedly ketogenic is dMeucine. 

2. Certain amino-acids appear to be neither ketogenic nor ketolytic. They 
are i(-f-)-valine, Z( — ) -methionine, cystine, hydroxyproline and tyrosine. 

3. The rest present antiketogenic properties which vary in degree but are 
best exemplified by arginine and ornithine. 
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Table I. Ketogenesis from, amino-acids in liver slices of 
uHhnourishexi rats. 




Control 

In presence of 

Ammonium 



Concen- 

No substrate 

amino 

•acid 

chloride, 0-04 M 



tration 

f 

^ 

^ *- 



f ^ 

^ 


Amino-acid 

M 

QiH 


Qo, 

Qxetit 

Qo^ 

Qxm' 

Source 

Glycine 

002 

-11-3 

0-39 

-11-4 

0*49 

-10-7 

0-80 


Alanine 

002 

-11*3 

0*39 

- 12-0 

0-57 

- 10-7 

0-80 

B.D.H. 

l{ ”1 )- Alanine 

0-02 

- 9-5 

0-30 

- 10(» 

0*79 

- 9-1 

0-87 

H.L.R. 

f7/-Serine 

0*01 

- 9-3 

0*22 

-13*1 

0*37 

- 10-7 

0-87 

H.L.R. 


0-02 

- 9*3 

0*22 

-11*9 

0*32 

• 10-7 

0-87 


dh a- Aminobutyrio 
acid 

002 

~ ii :i 

0*39 

- 12-4 

0*57 

- 10-7 

0-80 

F.L. 

1 ( + ) -Valine 

0-02 

- 9-3 

0-23 

9*5 

(MS 

- 9-2 

O-Oo 

H.L.R. 

d( - )-Valine 

002 

-10*7 

0-35 

-11-3 

049 

- 9-7 

0-71 

H.L.R. 

(/2-Leuein(* 

001 

- ii r> 

0 27 

- 12-9 

0-89 

- 9-7 

0-79 

F.L. 


002 

- 12-0 

0*27 

- 10*9 

1*02 

8-0 

0-85 


/( ~ ) -Leucine 

OOl 

- ll o 

0*27 

12- 1 

0 37 

- 9-7 

0*79 

H.L.R. 


0-02 

- 120 

0*29 

- 9*3 

0-44 

8-0 

0-85 


<//-Norleiicine 

0 01 

- 11-5 

0*27 

13*3 

0*37 

- 9-7 

0-79 

F.L. 


002 

11-3 

0*39 

- 12*2 

0-07 

- 10-7 

0-8() 


l( -f )-i\9oLoucine* 

0-01 

11*5 

0 27 

12*7 

0*27 

- 9*7 

0-79 

H.L.R. 

d{ - )-iwLcucine 

0 01 

- 1 1-5 

0*27 

-11-8 

0*07 

9-7 

0-79 

H.L.R. 

dZ-Mcthionine 

001 

- 11*5 

0*27 

- 15*0 

0 38 

- 9-7 

0-79 

Prepared by Dr 









N. W. Ihrie 

l{ - ) -Methionine 

001 

- 11*5 

0 27 

- 14*3 

0-34 

- 9-7 

0-79 

Prepared bv Dr 









N. W. Pirie 

dZ-Cystmc 

Saturated 

- 8*2 

0*32 

- 9-8 

0*25 

- 9-5 

0-72 

Prepared by Dr 









N. W. Pirie 

/( - )-Cystine 

Saturated 

- 10-5 

0-28 

- n-8 

0-32 

9-4 

0-90 

Prepar(3d by Dr 









N. W. Pirie 

- )-Tryptophan 

001 

-> 1 1 *5 

0*27 

- 11*9 

0-30 

- 9-7 

0-79 

Pn'pared by Mr 









1). 1). Woods 

d/-Tyroaine 

Saturated 

- 10*7 

0*35 

- 13-5 

0-80 

- 9-7 

0-71 

Prepared by Dr 









N. W. Pine 

H ~ )-Tyro8ine 

Saturated 

- 12*0 

0-29 

- 12-0 

0-91 

- 8-0 

0-85 

H.L.R. 


— 

-10*7 

0*35 

-11*4 

0-8() 

- 9-7 

0-71 


l{ - )-J^henylalanino 

001 

-11-4 

0-40 

11*3 

0-72 

- 9-2 

0-71 

H.L.R. 

d{ -f ) -Phenylalanine 

0 01 

-11*4 

0-40 

- 13*3 

0-75 

-* 9-2 

0-71 

H.L.R. 

/( ~ )-T^roline 

0 01 

-10*7 

0*35 

- 12*5 

0-22 

- 9-7 

0-71 

H.L.R. 


002 

~ 10*5 

0 28 

- 11-0 

0-23 

- 9-4 

0-90 


1 ( - )-Hydroxvproline O-Ol 

- 10*5 

0-28 

-11*0 

0-83 

- 9-4 

0-90 

H.L.R. 


002 

-10-7 

0*35 

-10*3 

0-74 

- 9-7 

0-71 


/{ - )-Aspartic acid 

0-01 

- 8-2 

0*32 

- 8*9 

0-31 

- 9-5 

0-72 

B.D.H. 

(neutral salt) 

0*02 

- 10-5 

0-24 

-11-5 

0-24 

- 9-4 

0-96 


/ ( 4 )-G]utamic acid 

001 

- 8-2 

0-32 

- 8*1 

0-14 

- 9-5 

0-72 

Prepared from 

(neutral salt) 

002 

- 10*5 

0*24 

-12-1 

0-40 

- 9-4 

0-90 

Ajinomoto 

/( - )-HiHti(ime 

0-005 

~ 8*2 

0*32 

- 9-1 

0-44 

- 9-5 

0*72 

H.L.R. 

(neutral salt) 









l{ i ) -Arginine 

0-02 

-10-0 

0-3(5 

- lO-O 

0-43 

- 10-2 

0-72 

Prepared ac- 

(neutral salt) 








cording to Kos- 









sel and Gross 









[1924] 

l{ -f ) -Lysine 

002 

-10*0 

0-36 

-11-9 

0-30 

-10-2 

0-72 

H.L.R. 

(neutral salt) 









l{ -}- )-Drmthine 

002 

-11-2 

0-25 

-11-8 

0-38 

11-7 

0-70 

H.L.R. 


(mnitral ' 

Note* : B.i). H. ~ British Drug Houses; H.L.H. - Hoffmann-La Boche; F.L. Frankel and Landau. 
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Table TI. KeUtgenitsis from arnhw-acids in liver slices 
of starved rats. 

Control In presence of 



(.’onceii- 

No substrate 

amino -acid 


tration 



/ 





f 


Amino -acid 

M 


Q Aeve 

Qo, 

^Acac 

Glycine 

0-04 

- 10-0 

1*82 

-121 

1*30 

d/- Alanine 

002 

- 100 

1*82 

- 13*0 

1*20 

/( + ) -Alanine 

0-02 

- 10*5 

M3 

- 13*4 

0*05 


002 

- 9-3 

1*98 

-11*7 

1*42 

d/-Serine 

0-02 

- 84) 

1*65 

-12*8 

1*22 

l{ t-)- Valine 

002 

- O-O 

14»0 

- 104) 

1*00 


0-02 

- lOo 

M3 

-12*4 

M2 

</( - )- Valine 

002 

- 94) 

1*00 

- 10*9 

1*14 


0-02 

- 10*.) 

M3 

-11*2 

0*79 

^//-LeuciiKi 

0-02 

- 104i 

3*27 

- 10*0 

4*20 

/ ( - ) -Leu cine 

002 

- 104» 

3*27 

- 10*0 

2*84 


002 

- 9-3 

1*98 

- 9*8 

1*38 

^?/-N()rleu(‘ine 

o-o’i 

- 121 

1*94 

-13*5 

1*60 


04)2 

- 9*3 

1*98 

~ 9-7 

1*04 

/( 1- )«ev(*Leucjn<‘ 

04)1 

-121 

1*94 

- 9*6 

1*29 


004 

- 9-3 

1*98 

- 8*0 

1*34 

</( - )-es(>Leucine 

04)1 

- 121 

1*94 

-12*4 

2*21 


04)4 

- 9-3 

1*98 

- 9*4 

1*08 

(//-Methmiiine 

002 

- 8-0 

1*05 

-11*7 

1*01 

/( I'Methionine 

04)2 

- 84) 

1*05 

- 10*7 

1*04 

<//-( Vstine 

SaturattHl 

- 84) 

14)5 

- 10*5 

1*50 

/( - )*CyHtine 

Sat urated 

- 94) 

l-OO 

- 10*7 

1*73 

?( - )' Tryptophan 

001 

- 10*5 

M3 

-13*1 

04)7 

002 

- 10 0 

1*82 

- 10*0 

0*83 

r//-Tvr(Vsine 

Saturated 

- 94) 

1*60 

-12*8 

1*74 

/( -)- Tyrosine 

Saturated 

- 94) 

14)0 

- 9*2 

1*33 

/( - )'Phenylalanine 

04)1 

- 9*3 

1*98 

- 9*4 

0*02 

f/( ' )- Phenylalanine 

04)1 

- 9*3 

1*98 

- 9*2 

1*34 

/( - )-J'roline 

04)1 

- 10*5 

1*33 

- 11*2 

0-79 

04)2 

- 9*0 

1*()0 

- 14*0 

1*71 

/( - ) -Hydroxy proline 

04)1 

- 10*5 

1*33 

-12*0 

1*66 

0-02 

- 9*0 

1*00 

-- 1 1 *3 

1*34 

/( - )- Aspartic acid (neutral salt) 

04)1 

- 10*5 

1*41 

- 9*8 

1*27 

/ ( 4 )-(jrlutamie acid (neutral salt) 

001 

- 10*5 

1*41 

-13*1 

1*32 

/( ~ )-Histidine (neutral salt) 

0 005 

- 10*0 

1-82 

- 10*1 

1*32 

/ ( 4 )'Arginine (neutral salt) 

04)2 

- 104) 

1*82 

- 8*9 

0*08 

4* ) -Lysine (neutral salt) 

002 

- 10*0 

1*82 

1 

qc 

1*51 

/ ( 4-)- Ornithine (neutral salt) 

04)1 

-UO 

2*17 

- 11*9 

0*97 


Some special problems. 

(a) The catabolism of phemylalanine in liver, 

Embden and Baldes [1913] have shown that phenylpyruvic acid does not 
yield ketone-bodies in the perfused liver, whereas phenylalanine does. They 
concluded that phenylp^Tuvic acid is not an intermediate in the breakdown of 
phenylalanine. On the other hand Embden et aL [1906] found that /S-phcnyl- 
lactic acid gave acetoacetic acid, and it was assumed by them to be the more 
probable intermediate. 
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Both these substances have been added to the liver slices of a well-nourished 
rat, and the effects examined in presence and in absence of ammonium chloride. 
The results are given in Table III. Phcnylpyruvic acid was prepared by the 
method of Erlenmeyer [1892]; m.p. 153°. j8-Phenyllactic acid was the product 
of Prankel and Landau; m.p. 98°. 


Table III. Formation of ketone '•bodies from phenylpyruvic and pJienyllactic 
acids in the liver of the vrlUnourished rat. 


Substrate 

Nil 

Phenylpyruvic acid, 0-0] M 
(sodium salt) 

Phenylpyruvic acid, 0-01 M 
(sodium salt) 4 NH4CI, 0 04 Jf 

NH4CI, 0 04il/ 

Nil 

NH4CI, 0 04ilf 

j3-Phenyllactic acid, 0 01 M 
(sodium salt) 

j3-PhenyUactic acid, 0-01 M 
(sodium salt) + NH/’l, 0-044/ 


Respiration 

Ketone- body 
formation 

^02 


- 12-.3 

0-45 

-11-7 

0-48 

- 8-0 

0-88 

-ll-O 

J02 

- in-o 

0-33 

- 0-8 

MO 

- 10-7 

0-35 

- S-(> 

1-14 


The figures show that neither phenylpyruvic acid nor phenyllactic acid can 
be intomediates in the> catabolism of phenylalanine, since they fail to give 
acetoacetic acid under conditions in which phenylalanine does so readily. The 
increased yields in the presence of ammonia are merely due to ammonia keto- 
genesis which always occurs even in the absen(;(» of added substrate. Embden’s 
results with phenyllactic acid may be explained by the fact that he perfused with 
the ammonium salt of the acid. 

It will be shown in a succeeding section that the path of phenylalanine 
catabolism in liver lies more probably through tyrosine and p-hydroxyphenyl- 
P3?TUvic acid. 


Table IV. Formation of ketone-bodies from p-hydroxyphenylpyruvic, 
homogentisic and muconic acids in rat liver slices. 


Substrate 

Respiration 

Ketone-body 

formation 

Qacuc 

Nil 

- 13-9 

0-46 

NH4CI, 0-044/ 

-no 

1-02 

p-Hydroxy phenylpyruvic acid, 0-01 3/ 

- 14-0 

0-97 

(sodium salt) 

Ditto 4- NH4CI, 0-044/ 

-15*0 

2-76 

Nil 

-11-7 

0*26 

NH4CI, 0-044/ 

- 9-2 

0-77 

Homogentisic acid, 0-01 M 

--15-1 

Ml 

(sodium salt) 

Ditto-fNH4Cl, 0-044/ 

-11-2 

1-98 

Nil 

- 13-0 

0*21 

NH4CI, 0-044/ 

- 9-0 

0*66 

Muconic acid, 0-01 4/ (sodium salt) 

-11-8 

0*33 

Ditto +NH4CI, 0-044/ 

- 8-9 

0-72 


Note: The apparent Qoj for homogentisic acid is a little too high, because slow autoridation 
occurs in phosphate -Hinger solution at Ph 7-4. The autoxidation accounts for about 0% of the 
total oxygen uptake. 
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(b) The cataholiam of tyrosine in liver, 

(1) Ketone^body formation. Certain substances which have been suggested 
as intermediates of tyrosine metabolism were examined in a similar way. 
jP-Hydroxyphenylpyruvic acid and homogentisic acid formed large amounts of 
acetoacetic acid whether ammonium chloride was present or not, which is in 
agreement with previous perfusion experiments. Muconic acid gave little or 
none, and therefore it is not a possible intcTmediate (Table IV). Hensel and 
Riesser [1913] obtained acetoacetic acid on perfusing the liver with muconic 
acid, hut, since they employed the ammonium salt, their conclusions are not 
valid. 

p-Hydroxybenzamidoeinnamic acid was prepared by the method of Erlen- 
meyvT and Halsciy [1899], and p-hydroxyphenylpyruvic acid was obtained from 
it by the method of Neubauer and Fromherz [1910]. m.p. 213®. Homogentisic 
acid was separated from alcaptonuric urine according to Garrod [1899] and 
Orton and Garrod (1901]; m.p. 152®. Muconic acdd was synthesised by the 
method of Behrend and Koolman [1912]: m.p. 293®. 

(2) The oxidation of \{ — )-tyrosinp. Bernhcim and Bernheim [1934] state 
tliat I ( — )-t vrosinc is oxidised by liver brei ” in such a way that one molecule of 
tyrosine takes up four atoms of oxygen. Experiments were performed with rat and 
rabbit liver “ brei ” under the conditions stipulated by Bernheim and Bernheim. 
It was found however that tluTi^ was no constancy in the additional oxygen 
ujitakc, which never exceeded two atoms of oxygen for one molecule of tyrosine; 
and the additional oxygen consumption was such a small fraction of the blank 
that the measurements possessed no great accuracy. 

(c) Eelationship of phenylalanine to tyrosine. 

The following facts are relevant to a discussion of jihenylalanine and tyrosine 
metabolism : 

1 . Botli phenyli)yruvic acid and phenyllactic acid, like phenylalanine, cause 
an increastni (dirainatiou of homogentisic acid in the alcaptonuric patient 
[Neubauer and Falta, 1904]. In one particular individual phenylpyruvic acid 
was converted quantitatively into homogentisic acid, but of the administered 
phenyllactic acid only 41*5% was recovered as homogentisic acid. 

2. Phenylpyruvic acid and phony llactic acid, unlike phenylalanine, do not 
give rise to ace'toacetic acid in liver. 

3. p-Hydroxyphenylpyruvic acid and homogentisic acid form large amounts 
of acetoacetic acid both in perfused liver and in slices. 

4. Embden and Baldes [1913] have demonstrated that a certain amount of 
Z( — ) -tyrosine is formed along with acetoacetic acid when the liver is perfused 
with d^Z-phenylalanine. 

6. Following the oral administration of phenylalanine to rabbits the urine 
has been foimd to contain p-hydroxyphenylpyruvic acid (as well as phenyl- 
pyruvic acid) [Kotake et al., 1922]. Shambaugh et al. [1931] and Chandler and 
Lewis [1932] have reported the results of injecting rabbits subcutaneously with 
phenylalanine and tyrosine. After phenylalanine injection significant amounts 
of phenylpyruvic acid were excreted but no p-hydroxyphenylpyruvic acid. The 
latter was not obtained even after administration of tyrosine. 

6. Medes [1932] described a rare metabolic anomaly, tyrosinosis, in which it 
was discovered (amongst other phenomena) that the ingestion of phenylalanine 
was followed by an increased excretion of p-hydroxyphenylpyruvic acid and of 
tyrosine. 

1, In the condition of imbecillitas phenylpyrouvica, recently described by 
Polling [1934], phenylpyruvic acid is excreted continuously. 
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From these facts certain conclusions may drawn : 

(1) Phenylpyruvic acid can arise from phenylalanine. This may be the 
preferential path of breakdown in kidney [Krebs, 1933]. 

(2) Since phenylpyruvic acid fails to yield acetoacetic acid in liver, there 
must be another catabolic path for phenylalanine. 

(3) The evidence leads to the assumption that tyrosine is the intermediate. 
This is not merely in agreement with all experimental observations, but it is 
proved by the perfusion work of Embden and Baldes and by the observations 
of Medes on tyrosinosis. It is possible that the metabolic error of imbecillitas 
phenylpyrouvica is a failure of the conversion of plnmylalanine into tyrosine, 
but it may be a block of an alternative path. 

The role of ammonia in ketogenesis from amino-acids, 

A number of arnino-acids caused a small but distinct increase in ketogenesis 
in cases where the carbon skeleton could not of itself give rise to j8-ketonic acid, 
e,g, valine, glycine, serine. In these instance's the ketogenie. effect of ammonia 
liberated during deamination can explain the results. Where ammonium chloride' 
was added a much greater value was obtained due to the high initial concen- 
tration (0*04 ilf). Since the liberation and removal of ammonia arc concurrent 
processes of normal metabolism, the intracellular concentration cannot approach 
0'04ilf, but it seems reasonable to argue that ammonia could cause effects of the 
observed order of magnitude. 

The antiketogenic intiuence of arginine and ornithine is interesting in this 
connection. It may be assumed that these substances lower the e^ffeetive con- 
centration of ammonia by promoting urea synthesis. 

Comparison of the more rapidly deaminatod amino-acids of the r/-series with 
those of the /-series did not lead to any positive general conclusions. In eases 
where the carbon skeleton was non-ketogenic the J-araiuo-a(;ids as a group were 
no more ketogenic than the membcjrs of the /-series. 

StJMMABV. 

1. The formation of ketone-bodies from amino-acids has been studied with 
rat liver slices, and in general the results confirm the perfusion work of FCmbden, 
The most strongly ketogenic amino-acids are leucine, tyrosine and phenyl- 
alanine. 

2. The only other amino-acid which is considerably ketogenic is hydroxy- 
proline. 

3. Of the remaining amino-acids some are non-ketogenic, but others show 
a small ketone-body formation, which seems to be due to ammonia liberated in 
their metabolism. 

4. A difference was observed betw^een the fed and the starved animal. With 
the exception of leucine, tyrosine, phenylalanine and hydroxyproline the amino- 
acids show no marked ketogenesis in the fed rat; ^//-leucine alone is ketogenic in 
the starved animal, whilst many others are antiketogenic. 

5. The evidence relevant to the breakdown of phenylalanine has been dis- 
cussed. Two pathways of phenylalanine catabolism are possible : 

(i) Conversion into tyrosine and breakdown through p-hydroxyphenylpyruvic 
acid and homogentisic acid, which takes place in the liver, and 

(ii) Primary deamination and formation of phenylpyruvic acid. 

6. Muconic acid, contrary to statements in the literature, is not ketogenic 
Previous results are due to use of the ammonium salt. 
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In view of the results obtained by Thompson and Johnson [1935] for the level 
of pyruvic acid in the blood of normal and vitamin B^-deficient pigeons and rats 
it was of interest to investigate the level of this compound in human blood. 
Thompson and Jolmson showed that th(‘ concentration of pyruvic acid in the 
blood of avitaminous pigeons was very substantially higher than the normal 
level; the figures obtained were, for the normal, 0*84 mg. of pyruvic acid per 
100 g. of blood, and for the avitaminous 5*(>5 mg. per 1(K) g. of blood, as est imated 
by the extraction of the 2:4-dinitrophenylhydrazone [see Case, 1932; Peters 
and Thompson, 1934]. 

The following communication is a note on the level of the total bisuli)hite- 
binding substances present in human blood. As in the previous work with 
animals, bisulphite-iodine titrations w'ere first carried out on the blood filtrates 
before embarking on the more elaborate method of extraction of the liydrazones. 
In this work on human blood however bisulphite-iodine titration gave no 
indication of raised blood-pyruvate levels in any of the diseased conditions 
examined, so that hydrazone extractions have not been carried out. Several 
attempts were made to apply the full method of Clift and Cook [11132] for deter- 
mining pyruvic acid, but in every case it was found that the tit re was increased 
on heating, owing presumably to the forniation of bisulphite-binding compounds 
from the sugars and amino-acids present, sim^e Engfeldt [1920] observed that 
the amhao-acids in blood filtrates break dowii to form acetone when heated in 
alkaline solution. It was also found that trichloroacetic acid (used as the protein 
precipitant) produced bisulphite-binding substances on heating: Merck's, 
Kahlbaum's and B.D.H. samples all gave this effect. For these reasons the 
titrations were limited to estimations of the total bisulphite-binding capacity 
of the blood filtrates. 

Method. The method cmploj^ed was as follows. Venepuncture w^as made with a modium -sized 
ueedJo into one of the arm veins. About 3 ml. of blood were allowed to dnp into a weighed centri- 
fuge-tuhe c'ontaining 3 ml. of 2b % trichloroacetic acid and 4 ml. of water. (In some experiments a 
syringe was used, and the blood was squirted into the tube.) The tube was then r«-weighed and 
the precipitate re-extracted in the same way as deserihed for jngeon’s blood. The combined 
contrifugatos w^ro then brought to -'9 with 20% sodium hydroxide, made ux) to 25 ml. and 
titrated for bisulphite- binding capacity. 

Results. The results obtained for normal blood are given in Table I. 

From these figures it may be seen that the results obtained for normal blood 
fall within strikingly narrow limits. The centrifugates were also tested for the 
presence of acetone bodies by means of the nitroprusside reaction, but in none 

( 2506 ) 
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Table I. Bisulphite-binding capacity of normal blood. 


(KxpresBed as mg. pyruvic acid per 100 g. blood.) 


Exj). 

Hex 

J3.B.S. 

Exp. 

Sox 

B.B.S. 

105 

F 

2* 19 

140 

M 

2*71 

12(> 

M 

2-35 

141 

M 

2*91 

131 

F 

3- 13 

144 

M 

2*71 

140 

M 

2-90 

1.38 

F 

2*79 

133 

M 

3-30 

1(U 

M 

2*45 

1.34 

M 

i-m 

102 

M 

2*48 

135 

M 

4*00 

103 

M 

2*52 

130 

M 

2*34 

104 

M 

3*17 

1.37 

M 

2*80 

105 

M 

3*12 

1,38 

M 

2*10 

100 

M 

2-.50 

1.39 

M 

2 48 

107 

M 

3*09 


Average 2*81 


of these cases was a positive result obtained, so that no very high concentration 
of these substances can have been present. Furthermore, the careful work of 
Engfeidt [ 1920] provides an upper limit for the level of acetone bodies in the 
blood of normal human subjects in terms of N/lOi) iodine, which is of particular 
interest when n^viewed in connection with our figures for the iodine titration of 
the total (jarbonyl compounds present. Engfeidt found, from his titrations of 
atudone bodies, that 2 ml. of normal human blood never have a titration of more 
than 0'05 ml. NIlOO iodine, i.e, 100 ml. of normal blood have a maximum content 
of acetone bodies ecjuivalent only to 2*5 ml. Y/lOO iodine. 

If w(' now make* use of the figures obtained by Arndt [1921] for the specific 
gravity of whole blood (L02), we find that the upper limit of the level of acetone 
bodi(?s in normal blood, according to Engfoldt’s figures, is equivalent to 
2*45 ml. .V/KK) iodine per 101) g. of blood. The average level presented above for 
the total bisulphite-binding capacity of human blood when reconverted into 
iodine values is equivalent to 0*39 ml. NjlOO iodine per 100 g. of bloofl. We find 
tlierefore a concentration of carbonyl compounds in normal human blood, over 
and above that of the acetone bodies, equivalent to 3-94 ml. N/lOi) iodine per 
100 g. of blood, or expressed in terms of pyruvic acid, 1-73 mg. per 100 g. blood. 
Monjover, it must be remembered that Engfeldt’s figures include )3-hydroxy- 
butyric acid, which is not estimated by our method, so that the level of carbonyl 
compounds over and above that of acetone and acctoacetic acid is, in reality, 
slightly higher than the figure given above. 

Although hydrazone extractions have not been carried out, the iiitroprusside 
reaction of Simon and Piaux [1924] has been watched in every experiment, but 
in none of the experiments on normal blood did a positive reaction develop. 
On working out the lower limit of sensitivity of this reaction, however, we 
have found that this agreed with our level of “non-acetone body’' carbonyl 
compounds calculated from Engfeldt’s results. The lower limit of the reaction 
was found by us to be given by a concentration of pyruvic acid of about 2y 
per ml., and a concentration of this order in the final centrifugates in which the 
reaction was carried out would correspond to a level of 1*64 mg. per 100 g. of 
blood, whilst our level of “non-acetone body*’ carbonyl compounds was found to 
be only 1-73 mg. per 100 g. of blood. On the other hand it must bo remembered 
that this level found by us is, owing to the inclusion of j3-hydroxybutyric acid 
in Engfeldt’s figures, in all probability too low, so that it seems probable that 
there may exist in normal human blood detectable amounts of some carbonyl 
compound other than pyruvic acid, acetone, or acctoacetic acid. 
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In view of the known relationship between pyruvic acid and brain metabolism 
[Peters and Thompson, 1934] estimations were also done on the blood of patients 
suffering from various forms of insanity (see Appcmdix), but although in several 
instances high values were obtained it was impossible to conclude that in any 
of the conditions examined was there any statistical difference from the normal 
level. 

The blood was also examined from a number of hospital patients suffering 
from physical disease (see Appendix), including some whose conditions w^ere 
suggestive from the point of view of their symptomatolog 3 ^ of a vitamin 
deficienejs but here also no true evidence of a raised level was obtained. We have 
been unable to procure any cases of beri-bori for inclusion in our results, but 
wo are of the opinion that it is of v^alue in view of future w^ork on this condition 
to publish those results obtained with normal blood. 

We wish to exj)ress our sin(*ere gratitude to Prof. R. A. Peters for the Ijelp 
and advice which he has given us throughout tlu‘ course of this work and to 
Prof. (1. P. Wright and Dr K. O. Newman for the facilities which have been 
placed at our disposal at (luy's Hospital, Pathology Department, and at the 
Littlemore Mental Hospital, Oxford, respectively. 


AJUMLNDIX. 

The follo\MTig table shows the results obtained on the blood of ]>alients sullering from mental 
and })h>si<*al tlisease. As already mentioned the figures show no signitieantly raised h*vel of 
bisiilplii to- binding substances, and are im^ndy ineluded in order to show the variations ot the* 
values obtained. 

UiUftilphile btnditKj In the Olovd m 


(Expressed as mg. pyruvie a.(‘id per KM) g. blood.) 

1. Mental disease: 


Exp. 

Sex 

Age 

Diagnosis 

H.B.S, 

78 

M 

25 

Epilepsy 

2*02 

79 

M 

24 

Hysteria (eured?) 

:P58 

80 

M 

... 

Sehizophreuia 

2 52 

81 

M 

75 

Manie depressive psyehosis 

4-20 

82 

M 

50 

( General paralysis 

2*or> 

82 

M 

20 

Chrome eneophalitis 

2-57 

84- 

M 

20 

Sehizophreuia 

2-78 

85 

.M 

20 

Sehizophreuia 

2 74 

80 

M 

10 

Hebephrenia 

5*90 

IJo 

M 

10 

Same patiemt, 2 weeks later 

4-28 

87 

M 

r>o 

Dementia, jieruieious anaemia 

2*74 

88 

M 

— 

Sehizophreuia 

2*77 

90 

F 

10 

Cretinism 

2-28 

91 

M 

0 

Oetinism 

2-11 

92 

K 

12 

(Vetinism 

4-25 

98 

M 

— 

Senile dementia 

K73 

99 

M 

— 

Senile dementia 

3-90 

100 

M 

— 

General paralysis 

2-00 

111 

M 

15 

Mental aetieiiuiey 

2*34 

102 

M 

15 

Mental deticicney 

2-48 

m 

P 

— 

Senih* dementia 

2-00 

104 

F 

— 

Acute melancholia 

2-90 

114 

M 

72 

SemJe dementia 

3()8 

117 

¥ 

60 

Acute melancholia 

3*35 

118 

F 

40 

Manie depressive psychosis 

4*16 

119 

F 

50 

Manic depressive psyehosis 

314 

122 

P 

— 

Acute melancholia 

3‘89 

124 

P 

42 

Schizophrenia, Cushing’s .syndrome 

1*00 

125 

P 

28 

General paralysis 

1*81 
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2, Physical disease : 


Exp, 

Sex 

Age 

Diagnosis 

B.B.S, 

61 

M 

50 

Osteitis dolbrmans 

1-78 

62 

M 

60 

Osteitis deformans 

1-66 

106 

M 

— 

Seiatn*a 

209 

107 

M 

— 

Post'diphtheritie polyneuritis 

2-44 

108 

M 

70 

Asthma 

5-31 

109 

M 

65 

Oareinoma ofocsophaguj- 

3-90 

142 

M 

— 

PoIyt‘ythaemia rubra vera 

3-98 

143 

F 

— 

Hyperthyroidism 

4-80 

147 

F 

M 

70 

Und jagnosed 

2-85 

148 

— 

CVrebral tumour 

2-46 

156 

F 

48 

Hemiplegia 

302 

158 

F 

33 

Sciatica ami jaunrliee 

4-44 

159 

F 

46 

rndiagnosed 

2-79 

160 

F 

33 

1 1 ypert hy roidism 

3* 14 

168 

F 

— 

1 \ y ijei-thyroidisin 

Hirs<‘hsprung’s disease 

2*30 

169 

M 

— 

2*58 

170 

M 

— 

H,V perthy roidism 

Sareinna of femur 

2- 15 

171 

M 

64 

6'65 

172 

M 

59 

C'arcinoma of rei^tum 

2-75 

173 

F 

— 

Pregnanc y toxaemia 

4*12 

174 

K 

— 

l*r(‘gnanty toxaemia. 

4-40 

175 

M 


( 'arcinoina of bladder 

3-03 

176 

M 


Multiple hbrosarromata 

2'39 
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The hydrocarbons of wheat germ oil. 

In a previous paper [1935] we descriU^d hydrocarbons separated from wheat 
germ oil unsaponifiable matter in fractions which either were not adsorbed or 
but slightly adsorbed by aluminium oxide from solution in light petroleum. 
One fraction seemed to consist mainly of a compound of molecular weight about 
250, B.p. 120-140°/0-05 mm., probably saturated. 

Larger quantities of this material have now been prepared and examined. 
When first obtained the iodine values of this fraction are usually about 30-40, 
but that a highly unsaturated contaminant is present is shown by bromination 
in dry ethereal solution at —18° when an insoluble bromide is deposited. The 
propt^rties of this derivative suggest its identity with the bromide of the hydro- 
carbon (C45H7g or O50H84) isolated from mammalian livers by Channon and 
Marrian [1926] and Channon et al. [1934], Considerable amounts of this highly 
unsaturated hydrocarbon are found in an adjacent wheat germ oil fraction. 
Channon et al. [1934] believe that under appropriate conditions the preparation 
of the bromide is almost quantitative and that it is not significantly inhibited 
by the presence of other substances. Bromination of our fractions under the 
conditions they describe did not remove more than half the unsaturation. Other 
attempts to separate the un8aturat(‘d contaminant, such as by partition between 
solvents, were no more successful and we w'(*re seldom able to reduce the iodine 
value below 15-20. Efforts were then made to purify tlu^ saturated hydrocarbon 
fraction by distillation. 

In every case the course of the distillation indicated that the material was 
a mixture. Unfortunately the amounts available were insufficient to permit 
satisfactory refractionation, but strong indications were obtained that two 
hydrocarbons predominated. Thus in one ivjdistillation of 4*3 g. at 0*03 mm. 
three fractions were obtained: (i) 118-130°, 1*4 g.; (ii) 130-150°, 0*12 g.; 
(iii) 150-165°, 1*6 g. Several preparations of the lowest-boiling fractions were 
obtained in the form of a colourless limpid oil which solidified just below zero. 
A number of the elementary analyses were unsatisfactory as it was found very 
difficult to prepare material entirely free from an oxygen-containing impurity. 
Four acceptable analyses gave the figui^es: C, 84*89, 85*17, 85*18, 86*45%; 
H, 14*85, 14*72, 14*81, 14*42%; Mean values. C, 86*12%; H, 14*45%; mol, 
wt. 254, 274, 261, 251. Mean 260. 

These figures would satisfy the formula C^gHaa (mol. wt. 264; C, 85*04%; 
H, 14*96%). We thought at first that the substance might be identical with 

( 2510 ) 
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itfoootadeoane (pristane) isolated by Toyama [1923] from a number of shark- 
liver oils; an interesting possibility because of association in both instances with 
hydrocarbons of the squalene type. There are however differences which seem 
to point to the compounds being distinct. For example, our hydrocarbon has a 
refractive index rf' 1*4722, higher than that recorded for pristane. The purified 
hydrocarbon is optically inactive and shows no absorption bands in the ultra- 
violet, The bands recorded for the impun^ preparations described in our earlier 
paper are now known to be due to traces of substances of low volatility, probably 
of the sterol family. 

The higher- boiling material (iii) of this hydrocarbon fraction has also proved 
difficult to free from oxygen-containing impurities sufficient in amount to disturb 
the analytical figures. The fractions were all optically inactive and spectro- 
8 c^oj>i cally trans parent . 

Four satisfactory analyses gave the figures: C, 86-48, 86-45, 86-53, 86-39%; 
H, 13-21, 13*51, 13-34, 13*23%; moL wt. 261, 274, 260, 294. Mean values. 
C, 86-46%; 11, 13-32%; mol. wt. 272; 1*4729. These fractions invariably 

gave iodim* values of the order of 30-40. It is uncertain at present whether this 
material is a saturated hydrocarbon contaminated with a small proportion of a 
higlily unsaturatiHi hydrocarbon which, under the conditions ernifioyed by us, is 
not precipitated on bromination, or whether a considerable proportion of a less 
unsaturatfjd com]^ound is present. In this connection the observations of 
Channon et al. [1934] on the presence in pig-livTr of hydrocarbons of rather 
similar characto- are of intei'est. 

The highly iirisaturatcd hydrocarbon fraction (B) previously separated by us 
from wheat germ oil uusaponifiabh^ hits also been further studied. The fraction is 
that which can bo washed out of the aluminium oxide coluimi by light petroleum 
and it is charaidorisod by high iodine values, 180-240. In our former study we 
det(^ct<'d squalene in this material and also thought that it might (jontain the 
hydrocarbon or 1%H34) whi<*h Channon and Marrian [1926] first isolated 

and which appears to be of the squalene type. This we can now confirm. The 
amounts of squalene seem to vary in different specimens of wheat germ oil but 
in most cases they are small compared T^dth those of the other hydrocarbons. 
In some cases indeed it was difficult to separate the characteristic hydrochloride 
of the former compound. The fraction as a whole usually gave a yield of hydro- 
chloride or bromide corresponding to about 25 % of its weight as C45H7^j . Both 
hydi-ochloride and bromick^ art* micro-crystalline and the latter is unusually 
difficult to purify. Typical analyses are : 

Hydrochloride, m,v, 116-120^; Cl, 31*56, 31*34, 3M6, 31*39%. Calculated 
for C45H7e,8HCJ ; Cl, 31 *2 % . 

Bromide darkening about 120° and becoming black with decomposition at 
160-180°. Br, 67-7, 67-34, 67-54, 67-4%. Calculated for C46H76,16Br; Br, 67-7 % . 

It is doubtful whether the unsaturation shown by fraction B can be entirely 
attributed to these hydrocarbons. In the first place, in view of the fact that 
Channon and his colleagues obtained quantitative precipitation of C45H7«, our 
yields of bromide are too small. Moreover, as was tentatively suggested in our 
former paper, there is evidence of the presence of rather highly unsaturated 
substancies containing oxygen in these fractions. Fractions readily soluble in 
methyl alcohol have been prepared. These have iodine values as high as 200 and 
are now being investigated. 

From a number of examinationB of wheat germ oil unsaponifiabie wo estimate 
that the saturated and the unsaturated C45H,5 hydrocarbons are present to 
the extent of approximately 3 and 7 % respectively. 


160—2 
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The vitamin E fraction. 

Larger quantities of this fraction prepared as described in our earlier paper 
have been investigated. We have confirmed the occurrence of jS-ainyrin, but find 
that the amount associated with the vitamin may vary considerably with 
preparations from dilferent oils. It is without effect when administered to 
vitamin E-deficient rats. ^ 

The vitamin fraction contains a sterol-like Bubstanee which does not apf)ear 
to have been described before. It escaj)ed notice in our prtnnous investigation 
because we unwisely assumed that the material removed from the vitamin 
fraction by precipitation with digitonin was the common ''sitosterol mixture”, 
of which so much is found in the original unsaponifiable matter. Having in this 
case a larger amount of the digitonidc precipitate the substance in question was 
recovered by xylene treatment. With a reservation prompted by knowledge of 
the great difficulty of purifying small quantities of sterols we are inclined to 
believe that it consists almost entiredy of one compound. Crystallised from ethyl 
or, more satisfactorily, methyl alcohol, it separated as a curious gelatinous mass ; 
a behaviour recalling that of lanosterol. On microscopic examination the solid 
was found to consist of very minute s})herulites of needle-shaped crystals. 
Recrystallisation did not raise the melting point beyond 105-lOfi'^, but the 
amounts did not permit exhaustive fractionation. It was optically active 
+ 58*5° (benzene) and spectroscopically transparent. The acetate, which 
crystallises more satisfactorily in clusters of fine needi(\s from methyl alcohol 
solution, melts at and shows [a]}*’ +65-7° (benzene). 

The dinitrobenzoate darkened at 90°, contracted at 130°, and finally melted 
fairly sharply at 156-158°; + (benzene). 

The mean figures given by seven determinations of elementary composition 
were: C, 81*66%; H, 11*4%; mol. wt. 425: Acetate: C, 78*86%; H, 10*52%; 
mol. wt. 462. 

These figures correspond fairly well with a compound of formula (\9H4gO2, 
(C, 81*3%; H, 11*21%; mol. wt. 428), giving a monoacetate (C, 79*15%; 
H, 10*64%; mol. wt. 470). The values obtained in determinations of acetyl 
groups also confirm that one is present. The iodine value found, 109, points to 
two ethylenic bonds; calculated value 118. We are, howevcT, not entirely 
satisfied with the formula suggested. 

The behaviour of this compound with some colour reagents for the sterols 
recalls that of lanosterol. Salkowski ; after a time the acirl layer acquires a pale 
orange-yellow colour with green fluorescence; Lieherrnaim-Burchard; slow de- 
velopment of brown -red colour with strong gn^en fluorescence; Whitby^s B; slow 
development of pinkish red colour ; methyl ml'phxite ; no cjolour in the cold but a 
pale brownish red on gentle wanning ; benzoylperoxide : pale straw-yellow with 
very slight green fluorescence. 

We are investigating the chemical nature of this interesting compound 
further but meanwhile it is imjiortant to record that it was found of no value in 
counteracting vitamin E-deficiency in female rats. 

Further investigation of vitamin E. 

In our previous study we described the preparation from this fraction of con- 
centrates of the vitamin of which the most potent protected rats in daily doses 
of 0*1 mg. Evans and Burr [1927] showed that the physiological effect of a single 
dose of a vitamin E concentrate given at, or shortly after, the time of positive 
mating is indistinguishable from that produced by the same amount given in a 
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number of doses spread over the whole period of pregnancy. Our own experiments 
support this view. Th(‘ total dose of the concentrate referred to can therefore be 
placed as 2 mg. In the present communication all dosages given are ‘‘total ” doses. 

It was reported that the active fractions showed a well marked absorption 
with a maximum at 294 m/t and a minimum at 267 and that during fractiona- 
tion and concentration thf? vitamin activity tended to run parallel with the 
intensity and persistence of the band. From the* behaviour on acictylation it 
was tentatively suggested tliat the substance giving rise to the band might be a 
cyclic ketone capable of showing k(!to-enol change. 

Attcimpts were therefore* made to separate ketonie material from the con- 
centrate by (unploying the methods of Girard fl933 : (Girard and Sandulesco, 
1934J and of Beall and Mariian fl934J. As r(*ported in our previous papta* the 
ketonie fra(*tions separaU^d in this manner did not show the selective absorption 
in the ultraviolet. We can now report that th(*y did not exercise the biological 
activity of vitamin E. 

During the examination of thes<* fractions for the presence of ketonie sub- 
stances it was observ<‘d that tliey gav(‘ positive responses to colour tests such as 
that with m -dinitrobenzene [von Bitto, 1897; Zimmermann. 1935]. P]fforts w^ere 
ther(‘fore made 1o isolate an oxime or a semicarbazone but without success, 
although dehnite evidence of combination with these r(‘agents was obtained. As 
far as c*r)uld b(* judged about 8% of the material combined and it is interesting 
that th(‘ k(*toni(; frac tions separated by the use of the reagent of Cdrard and of 
Beall and Marrian it'preseiited about the same proportion (8-10%). 

With 2:4-dinitroplu‘nylhydrazine sulphate in acid alcohol a small c|uantity 
of a 8<*arlet co](jured derivative w^as obtainc'd but the amount was only sufficient 
for one r(*crystallisation from methyl alcohol and for one elememtary analysis. 
The product was micro-crystalline and its colour indicated an unsaturated ketone. 
It melted at 118-12(r and hful 0, 69*92 ^/o *, H, 8*46%; N, 9*43%. These values 
would correspond with a inole(*ul(' of the cholestonone type. 

The material left b(‘hind afbH* s(‘f)aration of the dinitrophenylhydrazone and 
r(*moval of tin* exct>as of reagent showed the i haracteristic band at 294 
although in diminished intensity. Tht*se observations were sufficient to dispel 
the vi(*w^ that the substance responsilde for the band contains an active l«'tonic 
grouping. In attempting to carry the concentration further the next step was to 
remove the / 3 -am 3 Tiu, which is often rather closely associated in adsorption 
experiments with the vitamin fraction. In the earlier experiments this was 
effected by acetylation, /S-am^^rin acetate l)eing so sparingly soluble in alcohol 
that separation is almost quantitative, it w^as found how^ever on hydrolysing 
the residue by means of hot alcoholic j>otash that the intensity and persistenct* 
of the band at 294 w/x were lower than before acetylation. There was also 
evidence that the biological activity had beem reduced. This observation oc- 
casioned surprise because in our experience wre had not found the vitamin to be 
injured by such treatment, recovery from the products of saponification of 
wheat germ oil having always been satisfactory. Ilei^ently however Evans e/ «Z. 
[1935] have published convincing evidence that treatment with hot alkalis ma\^ 
under some conditions inactivate the vitamin : previous work in their laboratory 
had aroused a suspicion that unexpectedly large losses sometimes ocimrred 
during saponification [Evans, 1932], 

Instead of removing /S-arayrin by acetylation therefore we had recourse to 
fractional distillation at low pressure ( <0*00C>1 mm.). For this w^e employ ed an 
apparatus originally designed for the separation of vitamin A [Heilbron et al,, 
1932], Although this apparatus enables satisfactoi\v fractionations to be carried 
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out it failed to give the desired results in that investigation because the vitamin 
A molecule underwent a change, probably, it is thought, of the nature of a 
cyclisation as a consequence of exposure to arelatively large surface of heated glass. 

In the present case we at first concluded that no such cliange occurred from the 
fact that satisfactory concentrations of the substance responsible for the 294 m/x 
band were obtained. 

The course of the distillation and the yield of the various fractions indicated 
that there was no appreciable loss of the substance responsible for the band. 


Stage of fractionation 

294 rufji 

267 mfi 

Ratio 

2nd adsorption on AljO^ 

33 

15-6 

21 

1st distillation 

39 

10-7 

3*65 

2nd distillation 

55 

15-2 

3*6 

3rd distillation 

59 

170 

3-5 


Three such concentrations by distillation have been earned out with suffi- 
cient material to enable a separation to occur and in each case the final product 
has had approximately the same spectroscopic properties. 294mjii ca. 55. 

Ratio ~=3-6-3-8. 

As this attempt to isolate? the absorbing substance was being made in the 
belief that it was probably the vitamin these results seemed to indicate that 
success might be near. The results of the biological tests were however dis- 
concerting as the following results will illustrate. 



E 

l rm 
l”/« 


Total 



294 nifL 

A 


rat dose 


Fraction 

2m mix 

Ratio 

mg. 

Activity 

45 

30 

16-6 

1'8 

2 

+ 





1 

■f 

7iil2 

40 

10-8 

3-7 

3 

■f 





2 






T 

+ 





0*5 

+ 

12lc 

43 

11 

3-9 

-> 

4- 





i 

? 

80/3 

55 

15*2 

3-6 


- 


1 

0*5 


Fractions 45 and 76/2 represent stages in the concentration by means of 
adsorption on aluminium oxide; 72/c and 80/3 further concentration by dis- 
tillation. As 4-6 animals were used in the testing of each dosage these results 
make it impossible to retain the view that the vitamin E potency can be measured 
by the intensity of absorption at 294m/x. Olcott [1934] has already cast grave 
doubts on the implied significance of the band because he finds (a) that the 
maximum is shifted by acetylation and entirely disappears after oxidation with 
silver nitrate without a corresponding loss of biological activity, and (6) that 
concentrates prepared from palm oil may show the band without being of any 
value as a source of the vitamin [1935].^ 

The possibility of loss as a result of distillation will be referred to in the dis- 
cussion (p. 2520). 

^ Additional evidence against accepting a relation between the band and vitamin potency 
has recently been provided by Olcott [1935, 2J. It must be pointed out that measurements 
of 294m/tt alone may be misleading. We have stressed the importance of measuring 
2^1 mfi at the same time [1935], 
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Properties of vitamin E fractions. 

The most potent fractions we have prepared have been those corresponding 
with the highest concentration effected by adsorption on aluminium oxide of 
the substance showing the 294 m/x band. These preparations have evoked positive- 
responses in vitamin E-deficient does when given in doses of 1-0*5 mg. In view 
of the fact that distillation at very low pressures separates such materials into 
two or possibly three fractions, in one of which there is a corresponding con- 
centration of the 294m/x-absorbmg substance but in none of which has a similar 
con(jentration of the active substance bc*-en demonstrated, it is necessary to 
proceed with great caution in attempting to throw light on the properties of 
the vitamin by a study of the properties of the frac’tions themselves. The 
original investigations of Evans and Burr [1927] first indicated that the vitamin 
is an ahiohol, and additional evidence in support of this view has since been 
recorded (OlcoU, 1935, 2]. To it can now be arlded an observ^ation made during 
an att(‘inpt to adsorb the vitamin din^ctly from whc^at germ oil by passing 
solutions in light petroleum thr ough columns of aluminium oxide. As would be 
ex])i^cted, the adsorbent removed uncombinod sterols and hydro xylated lipo- 
chi*oni(^s, amounting in all to about one-third or less of the unsaponifiable matter, 
but it failed to retain the vitamin. This might \yo int(Tpreted as indicating that 
the vitamin is present as an ester in the oil. 

Hydrogenation. W(? have reyreatedly confirmed that vitamin E ooncjenti'ates 
can be hydrogenated without loss of biological activity. Oleott [1934; 1935, 1,2] 
has r(‘ported that hydrogenation did not fully saturate these materials. This 
also w(^ can confirm, although in our exp<Tienc(^ it is possible to effect consider- 
able reduction of the iodine valu(‘ without using such drastic methods as those 
whi(‘h he employed. By treatment with hydrogen at 3 atmospheres at room tem- 
perature in the presencjc of Adam’s platinum oxide catalyst concentratt^s of 
vitamin E will take up hydrogim, not rapidly it is true, but steadily, so that an 
original iodine value of 170 or 180 fails to about 55 in 48 to 72 hours. Beyond 
this we have not succeeded in carrying the reduction. The time of treatment is 
longer than that mentioned in our earlier paper; it will be recalled that we then 
reported reduction to iodine values as low as 20. It has l)een found that the 
different behaviour of these preparations was duo to the presence of a readily 
reducible component unrelated to the vitamin. The reduced compound can be 
separated as a w'hite, waxy, crystalline substance and is fully saturated. Enough 
was not obtained to purify it satisfactorily but the crude material once re- 
crystallised from methyl alcohol melted between 07"' and 70". This crystalline 
material did not separate from the more potent concentrat(^s hydrogenated in 
the course of the present investigation. It is worth recording that in our ex- 
perience vitamin E concentrates ai-e highly resistant to hydrogenation when 
much impurity is present, particularly so when contaminated with the resinous 
products derived from the saponification of the original oil. Thus, for example, 
concentrates from unsaponifiable matter prepared industrially will often not 
reduce at all until freed from the dark coloured resinous contaminants, pre- 
ferably by distillation. 

Until there is evidence to show what proportion of these concentrates is 
represented by the vitamin it cannot even be assumed that a fall of iodine value 
on hydrogenation indicates a reduction of the active substance. Tlie same 
reservation applies to Oloott^s [1934] interesting observations that the vitamin 
will survive treatment of concentrates with chlorine and bromine and subsequent 
removal of the halc^en by means of zinc and acid. If however these reactions 
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cover the vitamin itself the results indicate the presence of two reactive ethylenio 
groupings. Our observations of the Ix^havioiir of the vitamin in adsorption 
columns and Olcott’s experieiuK' with oxidising reagents [1934] might also 
support the idea that the molecule is unsaturated to this extent. The possibility 
of the vitamin being of the same general chemitjal nature as the substance 
responsible for the selective adsorption at 294 will be referred to later (p. 2520). 

Vitamin E m other vegetabk oils, 

(a) Cottonseed oil. Olcott [1934] has found that (^riide, refined and even 
hydrogenated cotton-seed oils contain vifamin E in amounts sufficient to make 
these raw materials as satisfactory as wheat germ oil for the preparation of 
concentrates. This is supported by out* investigation of a sample of unrefined 
cotton-seed oil of Brazilian origin.^ From 35*3 g. of un saponifiable matter, after 
removal of most of the solid sterols by freezing a methyl alcoholic solution, there 
were obtained as a result of two fractional adsorptions on aluminium oxide 4 g. 
of a concentrate of surprisingly high biological potency. Two of three rats 
treated with a single dose of 0*5 mg. produced normal litt(‘rs. 

This material was then distilled at 0*0001 mm. and gave the following fractions : 


Fraction 

Wt. g. 

Temp. 


I.V, 

294w//i 207 w 

77/1 

0*007 

50 


— 

— — 

77/2 

MO 

120-140 

1*4925 


Transparent 

77/3 

M2 

140-100 

1*4977 

94*5 

47 15 

77/4 

1*41 

100-180 

1*4950 

08*0 

69 18 


The separation of the fractions was quite sharp. The most volatile (77/1) was 
a minute amount of crystalline material which collected at the coolest end of the 
tube. Unfortunately, there was not sufficient for a test on rat s, so the possibility 
that it was active cannot be dismissed but, on the other hand, m view of what 
is known of the behaviour of the vitamin on distillation it is most improbable 
that activity would have been shown by so volatile a compound Fraction 77/2 
was a white crystalline solid of low melting point. It crystallised from methyl 
alcohol fairly well at 0° but proved difficult to separate satisfactorily. The 
melting point wa.s about 28"". It appeared to be an alcohol of mol. wt. about 270 
giving a liquid monoacetate, but its examination is incomplete. It spectro- 
scopically transparent and administered to rats in dose.s of 2 mg. failed to prevent 
typical resorptions. Fractions 77/3 and 77/4 showed the 294 w/a band to a 
degree that encouraged us at the time to expect good potency. Doses of 1 mg. 
proved inactive, this being another example of unexpeck^d loss of potency as a 
result of distillation. Attempts are now being made to ascertain whether re- 
constituting the former mixture will restore th(^ biological activity. 

The properties of fraction 77/3 were very similar to those of the corre- 
sponding fractions from wheat germ oil and they will be referred to again in the 
next section of this paper. 

(b) Lmseed oil. A sample of unrefined oil gave 1 % unsaponifiable matter. 
After removal of the bulk of the sterols by recrystallisation from methyl alcohol 
the rt»Hidue w’^as fractionated by adsorption from light petroleum solution on 
aluminium oxide. The vitamin E fraction” was inactive in rat tests in doses of 
4 mg. The material was spectroscopically transparent. It may be of interest to 

^ \V(* wiHh to thank Mr J, Hanley, F.I.C., of Messra Bibhys Ltd., Liverpool, for this material 
and for other samples of vegetable oils investigated. 
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record that a highly iinsaturatod hydrocarbon of the squalene type is present in 
linseed oil. Good yields of an insoluble bromide were readily prepared from the 
fraction which was not retained by the aluminium oxide. Evans and Burr 
[1927] showed that flaxseed oil is not a source of vitamin E. 

(c) Sunflower seed oil. This specimen gave about 0*6% of unsaponifiable 
which was fractionated in the usual manner. No biological activity was found in 
doses of 4 mg., nor was selcH'tive absorption at 294 w/x detected. 

The substance responsible for selective absorption at 294myL. 

Although discrepancies to which Olcott [1934 ; 1935, 1, 2] has drawn attention 
and others which are described in this i)ap(‘r have greatly weakenefl and may in 
some minds have entirely dispelled the view that the compound responsible for 
the 21>4mp, band is tlie vitamin, further investigation of its nature is of import- 
ance bfH'aiise frequent a.ssf)ciation with the active substance <luring fractionation 
may be significant. In our former publication the maximum intensity for this 
band recorded was 294m/x = 49; that of the minimum at 267 m/x= 15*4, 

giving a jiersistence ratio of 3-18. We have since prepared material of greater 
intensity of absorption from cotton-seed oil and from wheat germ oil concen- 
trates. The highest values obtained were 294mp^==59, with a ratio of 3-6, 
but w(^ have had s(iveral sp(‘cim(ms showing 50-56 and persistence ratios of 
3-l~3*6, Much higher values for A’],,,, 294 wp, were often recorded for less pure 
material but invariably thi^ persistence ratio was low (l*5-2*7), indicating the 
pres<*nce of substanci's showing general absorption in this region. It is of 
interest to com pan* the propcTties of three of the rich(\st fractions, all of which 
wer(‘ cl(*ar, almost (iolourless, rather viscid oils. 
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207 mfi 
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i.v. 
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0 
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0 
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11 

59 
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1*4977 

— 

4 0-4 

81*45 

11*86 

399 

so 

55 

15 

30 

1*5<J00 

ISO 

+ 12-2 

81*77 

11*04 

410 

i:\ 2 

49 

i;i-4 

3'(i5 

1 4992 

178 

4- 12*0 

81 20 

1 1*04 

409 

87^•) 

50 

1.5 

3*3 

1*4990 

172 

-f 10*8 

81 .54 

11*02 

424 


In all (;ases the fractions which had been purified by distillation condensed 
at a t(un]>erature range of 130-160' at about O-OOOl mm. It is still uncertain 
whether these preparations are mixtures or whether they consist lax'gely of one 
substanc(\ One has a superficial impression that they are reasonably liomogenous 
bec^ause there is no marked change of their properties on redistillation, partition 
between solvents or readsorption on aluminium oxide. Failure to jirepare 
crystalline deriv^atives has greatly hampered attempts at ])urification and it 
must again bo admitted that the question of purity must be h'ft open. 

Mr F. A. Askew who has again kindly assisted us by examining these 
materials by the film-spreading technique has expressed the following opinion 
regarding fraction 80/3 and a closely related material 80/2: “If, as is probable, 
the concentrates contain more than one molecular species, then either {a) the 
two species are very similar in surface properties, or (6) if they are dissimilar 
thc}^ must be present in nearly constant proportions, or the proportion of one 
must be small, i,e. 10% or less.” 

A shift in the position of the maximum from 290 to 281 m/x on acetylation 
was noted by Olcott [1934]. This change is sometimes obscured if other sub- 
stances showing absorption in the vicinity arc present but it is readily observed 
with the purer preparations. The new band is weaker than the original one at 
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2d4:mfjL and on hydrolysis of the acetate the latter band usually reappears with 
somewhat diminished intensity. The hydrogenated fractions (see later) show 
similar behaviour. Typical figures are: 


Fraction 

l.V. 

294 w/i 


267 vi^i 

80/3 

180 

55 

— 

15 

Acetate 80/3 

— 

— 

35 

— 

Regenerated 80/3 

— 

45*4 

— 

21 -5 

Reduced 80/3 

r>5 

47 

— 

7*8 

Acetate 80/3 

— 

- 

27*5 

— 

Regenerated reduced 80/3 

— 

42 

— 

18 


The position of the maxim iiin of the band does not change on hydrogenation 
but there is a marked increase in the persistence ratio, values as high as 6*7 
having been recorded, which would be consistent with a. decrease in absorption 
of some component in the region of 267 w/x. There is a fall both in inteuvsity and 
persistence of the band when the reduced product is regenerated from its acetate 
by hydrolysis with hot alcoholic potash. This recalls the similar belundour of 
the parent substance. 

The reduced product is liquid at roonj temperature but can be obtained as a 
micro-crystalline solid by cooling a solution in methyl alcohol to The 

melting point of the solid appears to be about 8^, but the small amount of 
material available made purification by this means difficult. Fractional sub- 
limation at reduced pressures (0*001 mm.) was also disappointing. 

Three preparations of the reduced material purified to a c(‘rtain t'xtiuit b}' 
one or other of these methods gave the following data : 



^Uin 

Persistence 





No. 

294 m/A 

ratio 

L«f;: 

O' 


Mol. wt. 

R 88/2 

36 

6*7 

— 

81-3 

12*71 

36t) 

R 88/3 

43 

6*3 

4 10-8 

81-52 

12*60 

390 

R 80/3 

47 

6-2 

4 12-7 

81 -.37 

12-44 

398 


Attempts to prepare crystalline derivatives by reaction with the hydroxyl 
group failed, the products proving to be in all cases either oils or soft waxy solids 
at room temperature. During the preparation of the 3:5-dmitrobenzoate there 
separated out on two occasions a small amount of a crystalline material. Only 
sufficient for one recrystallisation from alcohol and a melting point determination 
was obtained. It melted sharply at 102"". It was not a derivative of the sub- 
stance responsible for the 294?n/x band. Hydrolysis of the oily dinitrobenzoate 
of the main fraction resulted in a reduction both of intensity and persistence 
of the band similar to but greater than that noted when the acetate was 
hydrolysed. 

Action of sodium in amyl alcohol. Absorption at 294?wp, fell by nearly 80 % as a 
result of boiling for 3*5 hours with sodium in amyl alcohol . No red action occurred. 

Condensation with maleic anhydride, A preparation showing =55 and 
persistence ratio 3*6 was used for this experiment. 0*48 g. was dissolved together 
with 0*41 maleic anhydride in 25 ml. of ether and allowed to stand in the dark 
for 9 days. After removal of the solvent the material was separated in the 
manner descril)ed by Windaus and Liittrifighaus [1931] into “neutral’' and 
“acidic” fractions. Both were similar in appearance to the original product. 

Wt. g. 

“Neutrar^ 0*296 

“Acidic’’ 0*184 


Persistence 

^icm ratio 

40*7 2*1 

64*6 2*3 
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There is evidence that the rate of combination with maleic anhydride is 
slow at ordinary temperatures, for the “ neutral'* fraction thus obtained was 
further separated after a second treatment into about the same proportion of 
“neutral’* and “acidic” fractions. The falling ofiF in intensity and persistence 
of the band is attributed to the action of the hot alkali employed in the later 
stages of the separation. 

Colour reactions. Various preparations showed consistent behaviour in the 
following reactions : 

Salkowski. Pale straw colour darkening on standing, with development of 
gTeen fluorescence. 

Liebermann-Burcluird. (Tradual development of a brownish red colour with 
strong gr(‘(in fluorescence. 

Whitby B. Straw colour. 

Benzoyl peroxide. (C)xychol('st('rol reaction.) Port wine-red. 

N^o colour was given with antimony trichloride, dimethyl sulphate or tri- 
ed iloroacetic^ acid. 

Nature of the substmice, resjumsible for the 204mix band. 

Accepting for the time btdiig the evidenc^e, admittedly inadequate, that the 
pr(q)arations consist mainly of out' c‘ompound, a few sugge^stions can be offered 
r(‘garding its nature. The colour reactions, the behaviour during adsorption 
fractionations and the data from film -spreading experiments which Mr F. A. 
Askew has very kindly pla(‘(‘d at our disposal seem to point to a constitution 
bas(*d on a reduced polycyclic structure of the st<*rol type. The physical properties 
and those (if the reduced compound indicate a fairly long side chain, branchc^d 
and unsaturated. It might be isoprenie in character. ()n the evidence of the 
mal(‘ic anhydride experiment two of the ethylenic; linkages are probably con- 
jugated, and then^ may be a third which is less reactive. These tentative de- 
ductions are supporkjcl by the results of a preliminary investigation of the 
products of oxidation which will be report-ed lat^jr. Estimation of C-methyl by 
oxidation with cliromic acid gave figures equivalent to a yield of 3-3*3 raols. 
of acetic acid.^ Elementary analyses indicate two oxygen atoms in the molecule. 
One is present as a non-phenolic hydroxyl. The opinion which we formerly 
expressi^d [1935] on the basis of the spectroscopic evidence that a keto-enol 
grouping might be present seems no longer tenable. 

Discussion. 

The fii’st point to be considered is whether the association between vitamin E 
activity and selective absorption with a maximum at 294 w/x which has been 
reported by Martin et al. [1934] and by us [1935] can any longer be regarded as 
significant. Olcott [1935, 1 , 2] is inclined to attach no importance to it because he 
has observed a disappearance of the band or a shift in the position of its maximum 
as a result of chemical treatment which did not appreciably reduce the biological 
activity, and, furthermore, he has detected the absorption band in examining 

^ Mr h\ A. Askew has informed us that preparation 80/3 showed a limiting area at zero pressure 
of 07 sq. A. The corresponding measurement for the reduced product R 80/3 was about 54r“55 sq. A, 
The surface potential of the reduced form is about 80-90 mv. smaller than that of the parent 
material. The general shape of the curves closely resembles those recorded in the paper by Askew 
[19351. 

® Analyses by Dr Hubert Roth (Heidelberg): 6*99 and 8-43 mg. of the material required 
respectively 6*88 and 6*48 ml, NJlOO NaOH. 
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concentrates from palm oil which were inactive when given to vitamin E-dcficient 
rats. In onr experience we have not encountered a case in which material giving 
a positive response in a rat failed to exhibit the absorption band, provided of 
course that a stage of puiification had bt'en reached which permitted selective 
absorption to be detec^ted, but, on the other hand, we now have rcHJords of pre- 
parations which failed to exercise a birdogical effect such as might have l>een 
expected from the spectroscopic measurements. As we have remarked, this is 
noticeably true of the mak'rial which has been distilled. Evans [1932], referring 
to (experiments made in his laboratory at pressures a good deal higher than those 
which we employed (0*5-0*01 mm.), comments on "‘considerable ch^composition’* 
observed during the distillations and points to a failure to effect by this means 
any great concentration of the active material. By employing much lower 
pressures we had hoped to prevent loss but it n(3W appears that our distil l(*d 
fractions have consicierably lower biological valu(‘ than was expected. There 
remains a |)Ossihility that the band at 294m/Lt is vshown by th(‘ vitamin and that 
some changes which the molecule may undergo render it of no value to the 
vitamin E-deffcient doe but do not materially affect the absorption. Olcott’s 
objections make this improbable. On the other hand the gradual loss of biologi(*al 
potency which occurs on exposure of concentrates to ultraviolet light seems to run 
parallel with the photochemical decomposition of the substance absorbing at 
294 [Drummond etal., 1935]. This destriiction of the vitamin must mean that 
it absorbs radiations in the ultraviolet unless the explanation is that it is 
involved in secondary reactions. Olcott has himself shown [1934 j that ozone will 
slowly inactivate the vitamin, whilst there is a curious assortment of evidence to 
show that inactivation may also occur as a result of sec^ondary n^actions associ- 
ated with the early phases of “oxidative rancidity “ of fats [Cummings and 
Mattill, 1931 ; Evans, 1932 ; see also Olcott and Mattill, 1934J. Asimple experiment 
with monochromatic irradiation in an inert atniosphen^ would throw valuable 
light on this very important matter. The most potent fractions we have obtained 
have effected a cure of vitamin E deficiency in female rats when given in doses of 
0*5-1 mg. If the substance absorbing at 294m/x has no direct relationship with 
the vitamin the actual physiological dose must be much smallcT. The most active 
material described by Evans and his colleagues produced positive* tests in doses 
of 5 mg. [1932]^ whilst that mentioned in Olcott’s records is about twice as 
pot(nit. A comparison of the properties of these materials with those of our 
most active preparations is given below. 

Rat 


Prejiaration 

dose 

mg. 

0 

% 

H 

0 

/'o 

Mol. 

wt. 

l.v. 

n.i. 

Optical 

rotation 

Evans and Burr [ 1 927] 
from wheat germ oil 

5 

81*7 

12*2 

400 

220 

A'-*'" l-50()9 

r*i';;+7-3' 

Olcott 1 19,34] cotton- 
seed oil 

2-3 

81*0 

11*5 

— 

90 

A’ 2"“ l-r)090 

— 

Our material wheat 
germ oil 

1-0*5 

81*7 

11*8 

400 

180 

A’«" l-500fi 

1 — ' 

qc 


It is impossible to say how much importance can be attached to the super- 
ficial n‘S(*mblance which the figures reveal, not only in so far as these three pre- 
parations are concerned but also when the comparison includes the data for 

^ In a footnote to thi8 paper Evans reports that Cornish has prepared fractions from wheat 
germ oil which eflectcd cures of typical vitamin E-sterility when given in doses of 1 mg. No details 
of the preparation and properties of this material have yet appeared, so far as wc are aware. 
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materials of lower biological activity given on p. 2517. If the substance absorbing 
at 294m/i is biologically inert so far as the cure of vitamin E-deficiency is 
concerned we can either think that the proportion of vitamin in such materials 
is small, which is quite likely, or if we imagine the active substance as forming 
a reasonably large part of the material we can entertain the idea that it is 
chemically similar in character to the absorbing substance. That also is likely. 

The expenses of this investigation were in part defray (»d by a grant from the 
Medical Research Council. A contribution towards the expenses as well as a 
personal grant to one of us (E. S.) were provided by Messrs Imperial Chemical 
Industries. Considerable supplies of valuable raw^ material prepared from wheat 
germ oil were given to us by tlui Glaxo Laboratories. For all this generous 
assistance we are deeply grateful. 

The authors wish to thank Mr J . L. Finar and Mr A. A. Hoover for assistance 
in th(‘ preparation and examination of soiru* of the fractions referred to in 
this paper. 
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CCCIL ASSAY OF THE GONADOTROPIC 
HORMONE OF PREGNANCY URINE 
ON MALE RATS- 

By VLADIMIR KORENCHEVSKY, MARJORIE DENNISON 
AJJD SAMUEL LEVY SIMPSON. 

/Vom th: Lister Institute, London, 8,W, 1, 

(Received September 30th, 1935,) 

Hithebto the assay of the gonadotropic, hormones isolated from pregnancy urine 
or from the anterior lobe of the hyjwphysis has been made on immature female 
rats, thus measuring the female gonadotropic activity of these substances. For 
the unit of this activity we propose the term ‘‘female rat (or mouse) unit''. It 
is equally important however to assay the male gonadotropic activity of these 
hormones, since it is clear that the results obtained from the female sexual 
organs cannot be applied to those of males. For the unit of this activity we pro- 
pose the term “male rat (or mouse) unit".* 

It is now well established that the gonadotropic hormones produce hyjK’sr- 
trophy of the secondary sexual organs (precocious sexual maturation) in im- 
mature male animals. Several authors therefore have suggested that it might be 
possible to use the sexual organs of immature rodents, in particular the seminal 
vesicles, for the assay of gonadotro})ic substances. 

In our previous papers, chiefly for the purpose of th(‘ ’assay of tosticular 
hormones, we studied the efi'ects of somci variables on the weights of different 
organs in normal [Korenchevsky ef al, 1933; Korenehevsky and Dennison, 
1934] and castrated [Korenchevsky, 1932, 1, 2; Korendievsky and Dennison, 
1934] rats. From these results we concluded that the method of assay on 
castrated rats, which we had })reviouBly described “could be applied to normal 
rats for the study of physiological or pathological (conditions or for the assay of 
substances which influence the weight of one or more organs" [Korenehevsky 
ei ah, 1933, p. 1511]. In the present paper this method has been apjflied to the 
assay of the gonadotropic hormone of pregnancy urine using the normal im- 
mature male rat as the experimental animal. 

Technique. 

Experiments were performed on 173 rats belonging to 34 litters, the ages of 
which at the beginning of the injections were 22-25 days. The injections were 
made with a gonadotropic horraoiu' extracted from pregnancy urine and pre- 
pared by Messrs Organon Ltd.*^ Th(*, strength of the preparation was given by 
the firm in female rat units (f.k.u.), one female rat unit being that minimum 
total amount of the hormone which w hen injected during 3 days would produce 
oestrus within 5 days in 50% of the injected animals. 

^ We suggest the following s^'mbols for these values: “MI.r.i;.” (“Mi.” in order to distinguish 
it from the already accepted symbol “M.” for “mouse’*) and f.r.ti.; or alternatively luu. and 
? B.U. 

* We wish to express our thanks to Messrs Organon Ltd. for kindly supplying the hormone in 
generous quantities and without charge. 

( 2522 ) 
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The first 19 litters (see Tables II to IV) were each divided into a control un- 
injected group, usually containing two rats, and one or two injected groups each 
containing 2 or 3 rats, though exceptionally only one rat. The percentage changes 
obtained in the weight of the organs in each injected group were averaged 
separately for each litter. The rats of litters 20 to 26 (Exp. No. 2), 27, 31 (Exp. 

No. 3) and 32 to 34 (Exp. No. 4) were arranged differently, each group in these 
experiments containing only one litter-mate (exceptionally two) from each 
litter. A general average was obtained for each group and included in the 
Tables II to J V. Therefore, in Exp. No. 4, for example, litters 32, 33 and 34 
were chosen as each contained not less than 7 rats, since 7 groups were used in 
this experiment. 

Table I, Smmlary sexual organs in normal uninjected rats. 

Average and maximum variations of body weight and of weight (actual and per 200 g. body weight) of sexual organs 
of all rats and in groujis A and R separately. In brackets — ^maximum % deviations from average figures. 


Prostate with 

><t‘minal vesicles seminal vesicles 

mg. Prostate (mg.) mg. Penis (rag.) 




Final 


Per 


Per 


Per 


Par 



body 


200 g. 


200 g. 


200 g. 


200 g. 



w'eight 


body 


body 


body 


body 



P- 

Act ual 

weight 

Actual 

weight 

Actual 

weiglit 

Actual 

weight 

All rats 20-29 

Averages 

m 

15 

50 

74 

250 

88 

300 

65 

220 

days old 

Alaximum variation 

41-79 

10-23 

40-62 

54-100 

211-325 

67-120 

257-378 

48-85 

190-259 


Maximum % deviation 

(32) 

(53) 

(24) 

m 

(30) 

(36) 

(26) 

(31) 

(18) 

A. Rats2(>-27 

Averages 

51 

13 

51 

m 

259 

79 

310 

60 

236 

days old 

Maximum variation 

41-dl 

10-15 

41-62 

54-75 

214-325 

07-90 

257-378 

48-68 

209-269 


Maximum % deviation 

(20) 

(23) 

(22) 

(20) 

(25) 

(15) 

(22) 

(20) 

(11) 

B. Rats 28-29 

Averages 

08 

17 

49 

81 

241 

98 

290 

69 

204 

days old 

Maximum variation 

58-79 

13-23 

40-fJ0 

s 

i 

211-267 

78-120 

259-322 

56-85 

190-220 


Maximum % deviation 

(Hi) 

(35) 

(22) 

(23) 

(12) 

(22) 

(11) 

(23) 

(8) 


Table II. Weights of seminal veMes, 

I’he avcMUge actual weights (rag.) of the seminal vesicles of the rats 
in each group ol each Utter, 


Hats injected with f.r.l:. 


No. of 
Utter 

Control 

rats 

0-.5 

1 

2 

3 

4 

6 

10 

1 

23 



— 

— 

— 

— 



65 

2 

19 


— 


__ 

46 

54 


3 

16 

— 

— 

23 

— 

33 




4 

15 

— 

— 

25 

— 

— 

40 



5 

13 

— 

— 

— 

— 

— 

— 

42 

6 

13 

— 

, — 

— 

29 

— 

— 



7 

12 

— 

— 

24 

— 

30 

40 

— 

8 

15 

— 

, — 

— 

33 

— 

40 



9 

20 

— 

— 

— 

36 

— 

— 



10 

15 

— 


— 



38 

— 

11 

13 

— 

— 

26 

— 

— 

— 



12 

10 

— 

— 

22 

— 

27 

— 



13 

13 


— 

— 

29 

— 

— 



14 

14 

— 

— 


29 


46 

— 

15 

14 

— 

— 

— 

27 

— 

— 

40 

16 

14 

— 

— 

— 

20 

37 

33 

— 

17 

12 

— 

— 

— 

— 

— 

— 

31 

18 

13 


, — 

— 

— 

23 

— 

21 

19 

19 

— 

— 

32 

— 

— 

— 



20-26 

13 

17 

17 

29 

— 

— 

— 



27-31 

14 

17 

21 

— 

— 

— 

— 



32-34 

18 


25 

30 

30 

42 

45 

51 
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Table III. Weights of ^prostate.. 

The average actual weights (mg.) of the prostate of the rate in each group of each litter. 


Rats injected with f.r.u. 


of 

Control 

^ 

— 




— 


> 

litter 

rats 

<)-5 

1 

2 

3 

4 

6 

10 

1 

95 





— 

— 


155 

2 

88 

— 

— 

— 

— 

144 

— 

174 

3 

70 


— 

113 

__ 

127 

— 

— 

4 

75 

- 

— 

100 

— 

— - 

118 

— 

5 

59 

— 


.... 

— 

— 

— 

116 

6 

55 

— 

— 

. — 

104 

— 

— 

— 

7 

73 



- 

94 

— 

110 

114 

— 

8 

72 

— 


— 

109 

— 

130 

— 

9 

100 

. — 


— 

140 

— 

-- 

• — 

10 

75 

— 

— 

— 

— 

— 

129 

— 

11 

66 

— 


100 

— 

— 


— 

12 

57 


— 

94 

— 

103 

— 

— 

13 

70 

— 

— 

— 

119 

— 

— 

— 

14 

89 

— 

— 

— 

153 

— 

155 

— 

15 

75 

— 

— 

— 

123 


— 

159 

16 

77 


— 

, — 

118 

128 

117 

— 

17 

73 

— 

— 

— 

— 

— 

— 

112 

18 

54 

— 

— 

— 

— 

92 

— 

06 

19 

84 

— 

— 

lit) 

— 

— 

— 

— 

20-26 

65 

76 

79 

101 

— 


— 


27-31 

72 

72 

88 

— 

— 

— 

— 

— 

32-34 

76 

— 

99 

Ill 

112 

136 

133 

158 



Table IV. 

Weights of penis. 




The average actual weights (mg. 

) of the penis of the rats in each group of each Utter. 





Rats injected uith f.r.c. 



No. of 

Control 








r 







litter 

rats 

0-5 

1 

2 

3 

4 

6 

10 

1 

85 

— 

— 

— 

— 

— 

— 

J14 

2 

79 

— 

— 

— 

— 

99 

110 

— 

3 

67 

— 

— 

81 

— 

94 

— 

— 

4 

61 

— 


76 

— 


80 

— 

5 

59 

— 

— 

— 

— 

— 

— 

95 

6 

66 

— 

— 

— 

81 

— 

— 

— 

7 

67 

— 

— 

80 

. — 

100 

97 

— 

8 

67 

— 

— 

— 

94 

— 

96 

— 

9 

82 

— 

— 


96 


— 

— 

10 

62 

— 

— 

— 

— 

— 

97 

— 

11 

66 

— 

— 

87 

— 

— 

— 

— 

12 

57 

— 

— 

76 

— 

82 

— 



13 

61 

— 

— 

— 

90 

— 

— 



14 

65 

— 

— 

— 

79 

— 

91 

— 

15 

56 

— 

— 

— 

76 

— 

— 

86 

16 

63 

— 

— 

— 

79 

80 

83 



17 

53 

— 

— 

— 

— 

— 

— 

79 

18 

48 

— 


— 

— 

76 

— 

70 

19 

70 

— 

— 

89 

— 

— 





20-26 

64 

76 

78 

loo 

— 






27 31 

68 

76 

88 

— 

— 







32-34 

68 

— 

74 

81 

83 

94 

98 

109 


This arrangoraent permitted a more economic distribution of the rats, when a 
largo number of groups were required, and allowed the use of a smaller number of 
controls. The accuracy of th(i results obtained in this way was not loss than that 
given by the litters 1 to 19. 
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The number of rats used in each group was as follows ; 

KatH mjtujifHl with daily doRCB of f.r.t^. 

Control 

rats ()'5 1 2 3 4 6 10 

53 10 18 24 18 15 15 14 

The rats were irijc'ctoii subeutaiu'ously for thrcM* consecutive days, rf‘<^eived no 
injec^tiori on the fourth day and were killed on the fifth day. Tlic daily dose was 
injected in two half-doses, oik^ in the morning and the second in the evening. 
The (‘hanges in the weights of the secondary sexual organs (prostate, scuninal 
vesicles and p(‘nis) wen^ used to indicate the effects of the injections. The 
general rh^tails of the teeiiniipjc us(m1 were thi^ same as in our ])rc‘vious experi- 
ments (sec* references at the* hc'ginning of the paper). The scmunal vesicles were 
cut from the prostate aft(*r fixation in Bonin's fixative. A tiny bridge of tissue*, 
holding the two lobes of the seminal vesicles togeth(*r, was left uncut. It was 
found to be unn('<‘(*ssary to separatt* tht* coagulating gland from the seminal 
vc-sieles. The term “wedght of seminal v«*siel<*s ' in th(*se and also in our pr<*vious 
pap<‘rs d(*signat<‘H the* wedght of tlie seminal v<*sieies together wit!) the coagulating 
gland. The* urethral part of the* prostate* w^as cut oft' at the l(‘vel of the uji^ier part 
c)f the* pubie bones, 

Viirlafions in bothf ivdght ami in the nrig/if of If ic organ 
of norm al control unin ji cti d rad. 

In the ])resent assay immature rats were usc^d wdthin a narrow limit of age, 
namely, 22 “25 days old. As young rats grow* comparatively (piiekly, an investi- 
gation w^as made* of the variations in the* weights of the* organs of tlie control 
rats us(‘d for th(* assay. The control uninject(*d rats wtre divided into two 
groups: A, 2(> rats, 2t)-27 days old (final age), and B. 27 rats. 28-29 days old 
(final age). Tlie results obtainc'd are given in Table I and from these data the 
following con(‘liisions may Ix' drawm. 

(1 ) In group B (the rats of which were only 2 days older than those of group 
A) the body wedght and the actual weiglits of the sexual organs in s]>ite of some 
individual variations were on the aviTage defiiiitc‘ly larger than those of 
Group A. In group B as compared with gruu]) A, the percentage increases in the 
body wtught, seminal vesicles, prostate, jirostate with seminal vesicles and penis 
were greater by 20, 31, 23, 24 and 15% respectively. 

(2) Per unit of body weight, on the other hand, tliere w'ere either no definite 
changes in the w^eights of the sexual firgans or in many cases even a slight 
decrease. 

(3) The maximum variations within each of the two gi'oups expressed as the 
percentage maximum deviation from the average figures (Table 1) are com- 
parativ(4y small, exceeding 25% only in the case of the seminal vesicles of one 
rat in group B for which the variation was 35 % . 

(4) The maximum percentage deviations from the average figure are slightly 
higher when all the rats are conskkwd together, but even then do not exceed 
36% except in the case of the seminal vesicles of one rat (deviation 53 %). 

(5) The maximum percentage deviations of the weights of the sexual organs 
are smaller in most cases per unit of body w^'eight than for the actual weights, 
thus showing that the body weight, as well as the age of the rats influences the 
weight of the sexual organs of normal rats. 


Bioohem. 1935 xxix 


m 



2526 V. KORENCHEVSKY, M. DENNISON AND S. L. SIMPSON 


The effect of injections of gonadotropic hormone. 

In order to present the data within a x'easonable space we give: (a) only the 
actual weights of the organs of the rats in each group of each litter (Tables II 
to IV) ’> fii-nd (6) the general means of percentage increases of the weights of 
organs (actual and calculated per unit of body weight), omitting the individual 
changes for each gi’oup of each litter (Table V). The general averages given in 

Table V. Influence on seminal vesicles, prostate and penis. 

The percjentage increase of (A) the averaj^e actual weights of the seminal vesicles ol the rats 
in each group of each Utter and of (B) general average weight p€^r 2(K) g. of body weight. In 
brackets — maxiraum deviations from general averages in individual eases. 





Rats injected with 

F.K.U. 




O-.") 

1 

2 

3 

4 

6 

10 

Seminal vesicles; 


A. Actual weights. 





General average 
Maximum % deviation 

26 

40 

84 

103 

135 

177 

166 

(19) 

(25) 

(48) 

(35) 

(43) 

(32) 

(62) 


H. 

Weights per 

20<1 g. body 

weight. 




General average 

29 

46 

87 

1(»9 

139 

190 

164 

Maximum % deviation 

(17) 

(H) 

(49) 

(43) 

(54) 

(42) 

(70) 

Prostate ; 


A. Actual weights. 





General average 

— 

25 

47 

61 

70 

71 

85 

Maximum % deviation 

— 

(20) 

(38) 

(46) 

(27) 

(38) 

(38) 


B. 

Weights per 

200^ g. body 

weight. 




General average 
Maximum % deviation 

12 

32 

47 

63 

71 

78 

82 

(92) 

(34) 

(43) 

(:t7) 

(27) 

(37) 

(32) 

Penis : 


A. Actual weights. 





General average 

16 

20 

30 

32 

40 

41 

51 

Maximum % deviation 

(44) 

(55) 

(87) 

(50) 

(45) 

(37) 

(33) 


B. 

Weights per 

200 g. body 

weight. 




General average 

19 

28 

:u 

33 

41 

47 

48 

Maximum % deviation 

(26) 

(18) 

(90) 

(48) 

(39) 

(74) 

(35) 


The averages in the table represent the simple usual averages and they differ slightly 
from the statistical averages, from which the curves art* constructed (see section on “Statistical 
description”). 

Table V were calculated in the usual way and art^ slightly different from those 
used for the statistical presentation of the results (Figs. 1 to (>), in which greater 
weight was given to the figures obtained from groups containing a larger number 
of rats. 

In brackets, below the lines of general averages in Table V, are given the 
maximum percentage deviations of the individual (jases from these averages. 
Although the weights of the organs (Tables II to IV) of the injected rats seem to 
show little variation, when expressed as the percentage increase (Table V) the 
maximum deviations from the average figures arc in some cases considerable, 
being for the actual weights as much as 46 % for the prostate, 62 % for seminal 
vesicles and 87 % for the penis (excluding the small dose of 0*5 f.k.it. since this 
in some rats failed to produce a significant effect on the prostate). However, in 
spite of these individual variations, the average figures obtained give regular 
curves. As is shown in Tables I to V and Figs. 1 to 6, the following features are 





Fig. 1. Relation between, dose of gonadotropic Hormone and percentage increase in actual weight of seminal yesicles 
and of prostate. 

Fig. 2. Relation between dose of gonadotropic hormone and percentage increase in weight of seminal vesicles and of 
prostate calculated per unit of body weight. 

Fig. 3. Relation between dose of gonadotropic hormone and percentage increase in actual weight of seminal vesicles weighed 
together with prostate. 

Fig, 4. Relation between dose of gonadotropic hormone and percentage increase of seminal vesicles w*eighed together 
with prostate per unit of body weight. 

Fig. 6. Relation between dose of gonadotropic hormone and percentage increase in actual weight of penis. 

Fig. 6. Relation between dose of gonadotrojttc hormone and percentage increase in weight of penis per unit of body weight. 

161-2 
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characteristic of the effects of gonadotropic hormone on the secondary sexual 
organs of immature male rats. 

(1) The effect on the seminal vesiciles is greater than that on the prostate, 
and the effect on the prostate is greater than that on the penis. 

(2) Flattening of the curves with the largei* doses of the Ijormone is most 
pronounced in the case of the penis and least in the case of the seminal vesicles, 
the prostate taking an intermediate position. 

Statistical description of the curves. 

J. M. C. Scott, undei* the direction of Prof. E. S. Pc^arson, has represent<^d the 
results of the assay graphically in the form of the curves given above. Ho writes : 
“Suppose souH^ rats in a litter receive a dose ;r f.r.u. of thc‘ gonadotroy)ic hormone 
and others are usf^l as controls: and suppose the mean weight of a particular 
organ for the dosed rats excetMls the mean for the controls by f/%; and let 

= i.e. z rej)r(^s(‘nts the perc(4itagc increase in the weight of an organ per 
1 F.R.IT. 

With these data tlu^ variation betw<‘(ui litters in p, shows no appreciable 
increase with increasing .r, (‘xcept perhaps for a — 10. 

Within the range 1-6 f.u.u. th(* results plotted on a logarithmic scrale can be 
n'presented by a straight line. This method liowev^u* not adopted bi‘(‘ause 
it fails for small doses. Since cubic curves did not seem (piite satisfactory for 
large doses, another system of curves was evolved. These also (‘ontain three 
adjustable constants and pass through the origin, but approach a finite value for 
very large x. They were fitted to the data by the method of legist squart\s. Jn 
Figs. 1-8 the average of y is plotted against x, for the actual weights or those per 
unit of body weight. 

The data for x — 0‘5, 1 and 2 are consistent with tlu^ hypothesis that the 
response of seminal vesiedes, prostate, and prostate with se minal vesicles to the 
hormone is linear: ij = kx, or s = (k being constant): but for z becomes 

definitely smaller. Straight lines w’^ere therefore fitted to the data u[) to and 
including doses of 2 F.ii.ii. and the slopes k are givtu) in Table VI. 


Table VI. Statistical summary of results of expcrime?its {J. M. C. Scott). 



Average 3 : 

(••1) 

(4) 

(r») 


(all litters 

Probable 

error of 3 if detormiiied from 

(1) 

receiving 

^ 



.... 

Organ and basis of 

0-5 to 

Values in column 


calculation 

2 R.F.) 

2 (average z) 

Single litter 

Three litters 

Prostate with seminal vesicles 

27-8 

JL 1-4 (5-2 <>;,)* 

i ‘^»-4(19%) 

+ 3-1 

(actual) 

Prostate with seminal vesicles 

29*8 

J 1-3 (4-2%) 

± 4-7(18%) 

4:2*7 (9%) 

(iHjr 2(H) g.) 

Seminal vesicles (actual) 

45*5 

i3-l(6-8%) 

±]i*r>( 25 %) 

1-6*6(15%) 

Seminal vesicles (per 200 g.) 

47-8 

i 3-1 (fr4<;„) 

tl11'5(24%) 

±6-6(14%) 

Prostate (actual) 

24-3 

il-3 ( 5 . 4 %) 

i. 4-9 {20%) 

±2*8(12%) 

Prostate (per 2()() g.) 

26-3 

±1*2 (4-4%) 

± 4-4(17%) 

^2-5 (10%) 

* The figures in brackets are the values of the probable 

error expressed as a 

ptiroentage of the 

average of column 2. 


In Table VI the following data are given. In column 1, organ and basis for 
calculation ; column 2, average of z for all doses not exceeding 2 f.k.u. ; in column 
3, probable error of the estimates given in column 2 ; column 4, probable error of 
a value of z, determined from one litter; column 5, probable error of a value of z 
determined from three litters. 
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For columns 4 and 5 a ‘‘litter'* was taken as consisting of two rats, each 
injected with 2 f.r.u. and two control rats. In reducing Dr Korenchevsky’s 
results, a comparison between m i*ats and n controls was assigned a “weight 

m X 71 ,, 
m 4 - % ' 

propoml mtthod of assay of the gonadotropic hormones and definition 
of the male rat unit. 

(1) The age of rats used for assay. The rats in these experiments were used not 
earlier than the 8t‘eond day after weaning (22 days old) in order to allow the riits 
at least one day to a(;climatise themselves to the changt* of feeding and sur- 
roundings and not older than 25 days so that the initial weights of the sexual 
organs used in the assay should not difier too nnieh. It has already Ix^en shown 
{Table* 1) that when the (control uninj(*ek*d rats were dividcMl into two groups 
(A and B), tln'ie Ixdng an av<*rag(‘ differenet* of 2 days betw(*en tin* ag(\s of the 
rats of the two groups, tin* s(‘xual organs of the old(‘r rats w(‘re found to be 
slightly lieavi(T. 

In order to ascertain if this diff<Tence inthumeed the results of assay in any way 
the honrioiu*- injected rats used in th<*8e exfieriinents were also divided into 
similar A and B groups ac(‘or<ling to age. These results art* summarised in 
Table \TI. Although tin* f)erc(*ntage increase in the weights of the organs varies 
in tht* two groups, this variation do(*s not show a definite or constant effect of the 
difference in agt* of the two groups, nor in most cas(*s was thr* variation con- 
siderable. It may thertdbre he eonclud(*d that a suitable choice had been made 
of the agt* (22-25 days old at tht* beginning of the assay), at which the immature 
rats were to be use(l for the assay experiments. 

(2) The (if the curves. For the jiurpose of the assay of the minimum dose 
reprc'senting om* rat unit the part of the eui ves approximating to a straight line 
which lies wdthin tin* range 0 to 2 f.r.u. may be considered to be the most 
conv(*ni(*nt, since the responses of the prostate and of the seminal vesicles are 
here apj)roximately prof)ortional to the dose of the hormone. There is little 
difference b(*tween the i’urves based on (ihanges in the actual weights (Figs. 1, 3, 
5) and those bas(‘d on the changes per unit of body weight (Figs. 2, 4, b) or be- 
tween the respectiv(* maximum deviations (Table V), or the respective probable 
errors (Table VT). Tlierefon*, for purposes of assay, the curves based on changes 
in the actual weights appear to be satisfactory and stifficiently accurate. 

In order to keep within the range selected for these curves (upper limit about 
2 F.K.tr.), the value of the male rat unit should be represented by a percentage 
increase in the weight of the prostate not exceeding 50®(> and in that of the 
seminal vesicles not exceeding 90% (see Fig. 1). 

At the same time, taking into consideration the fact that tin* maximum 
percentage deviations from the average may be considerable (sec abov^e), the 
percentage increase chosen to represent a rat unit should not be too small. It 
would seem that the same round figure of 40% increase in the weight of the 
prostate that was chosen in Korenchevsk^^'s method of assay of testicular 
hormone, would be suitable for the assay of gonadotropic hormones The 
corresponding increase in the weight of the seminal vesicles would be about 
70% (Fig. 1), in that of the prostate weighed together with seminal vesick's 
45% (Fig. 3) and in that of the penis approximately 30% (Fig. 5). 

It would l)e necessary to work out similar curves of assay in each laboratory, 
since the technique of dissection of the organs, as well as the strain and breeding 
of the animals might be sufficiently different to affect the slopes of the curves. 
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Since the logarithmic curves for doses 1-6 f.r.u. approximate to straight lines, 
these could also be used for assay, but are not given here in order to economise 
space. 


Tlie test. 

According to the statistical interpretation, if 3 litters of rats (containing not 
less than 2 animals in each group) are used for assay, the probable error of the 
results obtained should not exceed ± 12 % for the prostate and + 15 % for the 
seminal vesicles. However, taking into consideration the possibility of an 
occasional considerable maximum deviation from the average, w'e would suggest 
the following procedure. The assay should consist of tw^o satisfactory experi- 
ments, one preliminary awd one final experiment, the former, w^ith the help of 
the whole range of the curves, giving an approximate orientation of the strength 
of the preparation. In this preliminary ex]:>eriment, say, four different doses 
would be injected into each litter of which there should be at least 4, each con- 
taining not less than 5 rats (otherwise more litters must be used). Such a distri- 
bution, in which one rat in each litter is left as the control and each of the r(*- 
maining rats of the litter receives a different dose (as vras used in the present 
experiment with litters 20 to 34), is to be preferred for the reasons given above. 
By fitting the results obtained in this preliminary experiment to the curves, a 
suitable dose vidll be found for the final experiment of the assay which is to (kdor- 
mine the value in MI.r.u. of the preparation assayed. This dose should fit into the 
part of the curves between 1 and 2 f.r.xj. and for this experiment also 4 littcTS of 
rats are required. Significant discrepancies between the preliminary and final ex- 
periments and the curves will necessitate the caiTying out of a third experiment. 

If the results from which the curves are drawn are obtainc'd from a large 
number of rats, the preliminary experiment alone will give a suffic iently accurate 
estimate of the strength of the preparation, provided that (a) thc^ results of this 
preliminary experiment lie within the range of the curve before the occuiTence of 
sharp flattening, and (b) the number of rats used in this preliminary experiment 
is sufficient. 

The male rat unit. 

We suggest that one male rat unit of gonadotropic hormone be that minimum 
total dose, which, in the injected rats, will produce on the fifth day an increase 
of 40 % in the actual weight of the prostate and of about 70 % in the weight of 
the Bc^minal vesicles as compared with the average weight of the respective 
organs of the uninjected control litter-mates in at least 4 litters of immature 
males. For the injection the total rat-dose must be divided into six equal por- 
tions, one portion being injected in the morning and evening of each of 3 con- 
secutive days, no injections being made on the fourth day. The corresponding 
percentage increase in weight of prostate weighed together with seminal vesicles 
will be about 45 % and of the penis about 30 %. 

Advantages of the method. 

The method of assay which is worked out in the present investigation and the 
proposed male rat unit of gonadotropic hormones present the following advantages : 

(1) A measure of the male activity of the hormone can thus be ascertained. 

(2) The curves of ** dose-response ” permit a comparatively easy orientation in 
the preliminary experiment for choosing the correct dose for the final assay 
experiment. 

(3) 111 addition to the response of the prostate, which, in our opinion, is the 
more reliable for the definition of the rat unit, the method proposed provides a 
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confirmation of the results in the response of the seminal vesicles and, with a 
smaller degree of reliability, of the penis. 

Disadvantages of the method. 

As compared with the assay on females, the method of assay suggc^sted 
necessitates a rather more complicated technique involving accurate dissection 
of the sexual organs, their fixation in Bonin’s solution (1 day) and weighing. 

AcMrncy of the method. 

Statistical investigation showed that the method was sufficiently accurate. 
This is further illustrated by the figures for groups A and B in Table Vll. The 
division of the rats into the two groups A and B, though approximate^ halving 


Table VH. 

A\(M‘ago increase* in weight of organs obtained after inji'etions of the hormone in rats of 
group A (ago 26 -27 days) as comparctl wit!\ tliat of group B (age 28-29 days). 




Beminal vesicles 

■ A 

Prostate 

Penis 

Uoso 

injected 

F.H.U. 

(ilOUp 

Actual 

IVr 2(K>'g. 

body 
\\ eight 

Actual 

Per 200 g. 
body 
w eight 

r 

Actual 

Per 200 g. 
body 
"w eight 

1 

A 

60 

49 

22 

21 

29 

27 



ar> 

45 

26 

37 

16 

28 

•> 

A 

92 

97 

45 

45 

30 

29 


B 

76 

77 

48 

50 

31 

32 

a 

A 

121 

124 

70 

65 

44 

41 


B 

91 

93 

55 

01 

24 

28 

4 

A 

132 

132 

67 

62 

50 

47 


B 

136 

145 

73 

79 

33 

37 

6 

A 

189 

197 

65 

66 

40 

41 


B 

170 

186 

74 

85 

42 

51 

10 

A 

148 

148 

76 

72 

52 

48 


B 

184 

180 

94 

92 

49 

48 

the number of 

rats in each 

average, 

lt*aves the 

results obtained without con- 


siderable change. The values for groups A and B, especially in the case of the 
prostate (Table VII), differed little from the respective general averages given 
in Table \, es})(‘cially if it is remembered that otu» rat unit is represented by 
40 % increase in the weight of prostate and 70 % increase in that of the seminal 
vesicles. The ultimate proof of both the accuracy of the method and its suit- 
ability will depend upon the similarity of the results obtained in different 
laboratories. The accuracy of the assay made in differ(>nt laboratories will be 
much improved when a standard preparation is available for comparison with 
the tested preparations. 

The comparison of the male and female rat units of gonadotropic hormones. 

We did not make a special assay on female rats. The standardisation of the 
hormone in f.r.u. as used by Messrs Organon was performed in their labora- 
tories. Therefore this value of the standardisation on females is not necessarily 
the same as would be obtained by the somewhat different methods of assay usc-sd 
in other laboratories. 

However, in our assay 40% increase in weight of the prostate with a corre- 
sponding increase of 70 % in weight of the seminal vesicles, 45 % in weight of 
the seminal vesicles with prostate weighed together, and approximately 30% 
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increase in the weight of the penis, was produced by a daily dose of 1*65 f.k.tt. or 
a total dose of 5*0 f.r.it. (1*65 f.r.f. x 3 days). Thus a comparison of the results 
of our assay on males with the results of the assay on females obtained in the 
laboratories of Messrs Organon show^s that one male rat unit of gonadotropic 
hormone was equal to about 5-0 femah* rat units. 

The comparison of the effects jwothiced by gonadotropic hormone with those 
prodiwed by amirosterone ami androste rone ‘dial. 

In our previous papcTs [Korenchevsky and Dennison, 11)35, 1,2: Korenehcvsky 
et aL, 1935J we made an assay of fat- and water-solubh' })reparations of andro- 
sterone and androsterone-diol. It is not ])ossibIe of course to compare the 
dosages and relative strengths, i.e, the (puintitative (‘H’e(*ts of these preparations 
with those of gonadotropic hormoiK' It is how(‘ver possible to (compare the 
qualitative eff(*cts. 

In the papers mentioned ahov<‘ we found that the chief diff(*i*(‘nee between 
androst(‘rone and its diol is tliat the former stimulates the development of the 
prostat(‘ to about the samt* or to a gr(‘ater degree tlian that of the seminal v(‘sicles, 
whilst the diol stimulates the development, of tlu' s(‘minal vesicles much more 
than that of th(j prostate. 

In Table VTII w<‘ have (*om pared the average ratio ( x 109) of the pt'rcentage 
increase in the act-ual weight of the prostate (1) wdth that of th(‘ seminal vesicles 
and (2) with that of the penis, after the inj<‘ctic»n of gonadotrojuc hormom% andro- 
sterone and androsterone-dioJ. 

Table VTII. 

Average ratio ( x lUO) of perconta^o increaMt' in actual weight, of prostati' to that of seminal 
vesicles and of prostate to penis after injection of yronadotropic iiormone as compared with those 
after injection of androsterone and androsterone-diol. 


Ratio 

Gonadotropic 

liornK>ric 

Aiidrost crone 

Andros! eroiU‘- 
diol 

1, Prostate/ 

seminal vesicles 

54 

118 

64 

2. Prostate/ 

165 

230 

f.H. l.'iH 

I>enjs 



w .H. 242 


The effects of water-soluble (w.s.) and fat-soluble (f.s.) pnqiarations of 
androsterone and the diol, as represented by the ratio prostate/sem.^es. were 
the same or nearly the same [Korenchevsky ei a?., 1935, p. 2141, Table Vril), and 
th(\y are, therefore, averaged in the present Table VIII. 

The same similarity was observed in the ratio prostate /penis bc^tween the 
fat-soluble (228) and the water-soluble androsterone (232, excluding from this 
av(Tage as accidental the effect on the penis of the dose 7971 y). A general mean 
of 230 was therefore tabulated in the present Table \T1I, Tlie ratio prostate/ 
penis in the case of fat-soluble diol (158) was however different from that of 
w^ater-soluhle diol (242), owing to the fact that whilst the effect on the prostate of 
water-soluble diol was much greater than that of fat-soluble diol, the effects of 
these two substances were much more nearly equal in the case of the penis. 
The.se ratios are therefore given separately in Table VJII. 

It is clear from the Table that qualitatively the effect of gonadotropic hor- 
mone on the H(;condary sexual organs is very similar to that of diol and very 
different from that of androsterone. In the ratio prostate/penis however the 
similarity is only shown between gonadotropic hormone and fat-soluble diol and 
not by wat(T-soluble diol. 

Gonadotropic hormone acts on the secondary sexual organs by stimulating 
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the testes to a normal secretion of the t^'stitiular hormones in the normal ratio. 
The comparison made above shows that this normal testicular endocrine activity 
is very similar to the effect produced on the sexual organs by the diol but not 
to that produc^ed by androsteronc. 

This supports the statement which we made in the previous paper [Koren- 
chcvskv c/ al., 1935, ]>. 2141] that tlu‘ diol pnxlucc^s a return towards the normal 
ratio in the dev(‘lopm(^nt of the secondary sexual organs, whilst aiidrosterone 
fails to do so. 

Summary. 

1. On the basis of experiments performed on 173 normal immature male 
rats belonging to 34 littc'rs a method of assay of malt* activity of gonadotrt^pic 
hormone j)rc*[)arations is suggested. 

2. A regular relation has bt^tm found to exist lH‘tvve(*n tht^ dose of the 
gfinadotropic hormont* prejiaration isolated from pi‘(‘gnaney urine and the eff(*ct 
on thf* prostate*, seminal vt'sieles and p(‘nis. This rt'lation has been inv(‘stigat(*d 
statistically and r(*pr('sentf‘d in tht* form of curves. 

3. In eontradistintition to tht* female rat unit (f h.v. or , K.i;.) of the gonado- 
tropic hormones, a male rat unit (MI.r.f. or S R.u.) is suggested. 

4. We suggest that one male rat unit of gonadotropic hormone be that 
minimum total dose whi(*h in tht* injected rats will produce on the fifth day an 
incr(‘as(‘ of 40'!;, in the actual wt'ight of the* fu-ostate and of about 70% in thtJ 
weight of tht* s(*minal vesicles as compart'd with the avt*rage weight of the 
r(‘sj)ectivt‘ tagans of tht* uninjectetl control litter-mates in at least 4 litters of 
immature male rats. For tht* injections the total rat-dose must be divided into 
() etpial ])orlions, a pt»rtion bt*ing injected on the morning and evt*ning of each 
of 3 eonsecutivt* days, nt» injt*ctions being madt* on tht* fourth day. The rats are 
to be killt'd on the tifth day. 

5. Tlu* corresponding increase in weight of prostate weighed together with 
seminal vesicles will be about 4r>% and of tin* penis approximately 30%. 

(). Ont* Ml. R.u . of tht* gonadotropie hormone tested was found to be equal to 
about 5 tMi u. (F.K.u. being aHsay(*d in the laboratories of Messrs Organon). 

7. The (jualitative effect on the s(*xnal organs of the gonadotropic hormone 
from ])regnaney uriiu* was found to lx* very similar to that of androsterone-diol 
and different from that of androsteronc. 

S. This supports our previous statement that the diol liad more of the qualities 
of normal testicular endocrine activity than aii<lrosh‘ronc. 

9. The effect of some*, variables and the advantages and disadvantages of the 
method of assay suggested an‘ discussed. 

Grants from the Medical Research Council and from the Lister Institute have 
enabled us to carry out this work and to them our thanks are due. We are much 
indebted to Prof. E. S. Pearson, to Mr J. M. C. Scott and to the Department of 
Applied Statistics of University College for so kindly helping us in th(? statistical 
interpretation of the results obtained. 
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CCCIII. THE PROLONGED TREATMENT OF MALE 
AND FEMALE RATS WITH ANDROSTERONE 
AND ITS DERIVATIVES, ALONE OR 
TOGETHER WITH OESTRONE. 

By VLADIMIR KORENCHEVSKY, MARJORIE DENNISON 
AND SAMUEL LEVY SIMPSON. 

From the Lister Institute. 

{Ecceived October 1st, 1935.) 

In tliis paper the results are given of the prolonged administration of andro- 
sterone and its derivatives, prepared by Prof. Kuzicka. A sliort communication 
with regard to some of them has already l>een made [Korenchevsky, 1935, 1, 2], 
The results of our assay experiments (7 days’ injection of the hormones) have 
been given in previous paptTS in tliis Journal (Konmelievsky and Dennison, 1935, 
1, 2; Korenchevsky et al., 1935, IJ. 

C^allow and De^anesly [1935, 1, 2] studied some efiV(*ts of fat-soluble andro- 
sterone and of its diol derivative on the seminal vesicles and prostate of rodents, 
using the method of quantitative investigation, the principle of which we are 
advocating. They confirmed our first ex])eriments jKoroncjhevsky, 1935. 1], in 
which androsterone injections failed to bring about a complete return to the normal 
condition of the already atrophied secondary sexual organs of castrated rats 
(‘‘recovery” experiments). In contrast to this result Callow and Deanesly were 
able to maintain (‘‘maintenance” cxf>eriincnts) the seminal vesicli^s and prostate 
of castrated rats in a normal condition if the androsterone injections were started 
from the day of castration. They only studied this effect for 14 days however. 

They also conlirraed the results given from Lai^ueur’s laboratory and the 
observations made by us and by some other workers [see references, Callow and 
Deanesly, 1935, 1, p. 1443], that there might be a significant differemee between 
the action on rats and that on capons of some urine concentrates of the hormone 
of the same “capon” titre. Callow and Deanesly found the same difference be- 
tween androsterone and some urine concentratt‘s. 

These and similar facts were explained by various workers by the existence of 
more than one sexual hormone, which fact has now been proved by the isolation 
of a new hormone from urine (dehydroandrosterone) by Butenandt and Dannen- 
baum [1934] and another from testes (testosterone) by Laqueur and hie co- 
workers [David, 1935; David et ah, 1935; Laqueur et aL, 1935]. Ruzicka and his 
co-workers also continue their most important work of preparing new “artificial 
male sexual hormones”. Among these synthetic testosterone is an important 
addition to their collection [Ruzicka and Wettstcin, 1935] ; according to Tschopp 
[1935, 2; Ruzicka and Wettsfcein, 1935] it stimulates the development of seminal 
vesicles and penis to a greater extent than is done by the diol (i.c.u.-^about lOy). 

Callow and Deanesly [1935, 2], Tschopp [1935, 1, 2] and Laqueur et al. [1935] 
found also that the diol was more active than androsterone in its effect on the 
seminal vesicjJes, This same fact and the action on the penis and preputial glands 
were clearly demonstrated in our assay experiments and by the curves we gave of 
the action on the sexual organs of these fat-soluble and water-soluble hormone 

( 2534 ) 
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preparations [Korenchevsky and Dennison, 1935, 1, 2; Korenchevsky ei ah, 
1935, Ij. We also showed in these papers other important points of similarity 
and dissimilarity between the effects of androsterone and those of the diol, 
estimated rat units of these substances and demonstrated a considerable dif- 
ference between the rat and capon units of some preparations. 

The present long-duration experiments were carried out with the following 
fat- (f.s.) or water-soliibh^ (w.s.) preparations: (1) crystalline androsterone (here- 
inafter designated “f.s. androsterone”), (2) the lithium salt of androsterone 
hydrogen succinate (designated “w.s. androsterone”), (3) crystalline andro- 
sterone-diol (designated “f.s, diol ”), and (4) the lithium salt of the androsterone- 
diol hydrogen succinate (designated “w.s. diol”). All the substances were 
received from Prof. Riizicka for the investigation of their biological properties. 


Male rats. 

Technique, 

Experiments were perfor]n(‘d on 19 old normal rats belonging to 5 litters and 
on 112 castrated rats belonging to 20 litters, which latter were divided for 21 
experiments as shown in Table 1. Two or three* rats of each litter were usually 
used in each grouj) of the (‘x^xTiment. 

Table 1. Effect on sexual organs of wale rats. 

Average actual weights of orgarus of castrated rats injected with audrosUnonc or its derivative.s as compared with 
tiioso of control iionnal litter-mates or noimal rats of .similar age. 

InjecUons 

f ^ Seminal vesicles Preputial glands 


Preparation 
No. and daily 
of dose injected 
exps. mg. 

Durtt- 

tioii 

in 

days 

Started 

after 

castra- 

tion 


Prostate (mg.) 

Penis (mg.) 

^ .. -.-A. 

(n^g.) 

—A 

Final 

age 

days 

Normal 

rat 

Injected 

Normal 

rat 

Inject'd 

Normal 

rat 

Injected 

r 

Normal 

rat 

Injected 

f.s. andi’osterone: 

1 0-6 

47 

3 

666 

30 

750 

237 

340 

214 

150 

119 

77 

2 1-0 

47 

3 

565 

64 

750 

452 

340 

262 

150 

243 

77 

3 1-8-2-2 

21 

2 

218 

81 

450 

504 

292 

218 

98 

143 

49 

4 0*9-3-0 

53 

4 

640 

234 

1049 

826 

363 

339 

153 

186 

83 

5 0-45 

22 

84 

(1118) 

41 

(975) 

210 

(441) 

209 

(175) 

115 

132 

6 0-9 

22 

78 

(U18) 

66 

(976) 

369 

(441) 

258 

(175) 

127 

149 

7 1-8 

22 

38 

775 

73 

845 

450 

303 

295 

153 

135 

88 

8 3-6 

17 

32 

496 

300 

710 

643 

m 

277 

140 

233 

74 

9 35 

21 

20 

690 

250 

654 

m 

308 

280 

121 

126 

64 

w.s. androsterone: 

10 13*6-27-2 

27 

39 

834 

392 

1007 

806 

363 

274 

153 

177 

91 

W.8. diol: 

11 1-46 

21 

2 

218 

355 

450 

707 

292 

339 

98 

124 

49 

12 2-93 

21 

2 

218 

677 

450 

810 

292 

307 

98 

152 

49 

f.s. diol: 

J3 0-18 

45 

4 

495 

55 

710 

108 

330 

290 

140 

129 

75 

14 018^-7 

59 

4 

775 

423 

845 

614 

363 

426 

153 

209 

89 

15 0-35 

31 

3 

218 

/174 

t(229) 

450 

/445 

1(483) 

292 

/ 269 
\(289) 

98 

/ 154 
1(173) 

49 

16 018-035 

53 

4 

640 

237 

1049 

561 

363 

407 

153 

100 

83 

17 07 

20 

20 

590 

363 

654 

616 

308 

293 

121 

162 

64 

18 07 

33 

32 

776 

797 

845 

1061 

363 

369 

153 

211 

88 

w.s. diol: 

19 S.64 

21 

39 

663 

641 

807 

653 

363 

324 

153 

167 

85 

20 8-5MiSl 

37 

39 

634 

791 

1007 

984 

363 

a57 

163 

216 

91 

21 6-81 

37 

89 

834 

862 

1007 

1094 

363 

380 

153 

201 

91 


Note, In Kxps. 5 and 6 in brackets weight of organs of normal rats aged 123 days; in Exp. 15 in brackets a larger 
weight obtainedT in one of the UtteMnates. 
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The general technique was the same as that described in our previous papers, 
with the dilFeren(»e that all the rats were killed by bh^Hling instt^ad of by gas. 
For this reason we were unfortunately unable to use the values of the weights of 
the organs of normal rats given in our previous ])aper [Korenchevsky and Denni- 
son, 1934, 1] since in that paper an investigation was made of the wtdghts of the 
organs of rats kilhHi by gas (so that blood remained in the organs). Sincx^ both 
normal and (!astrat(^d rats were wantcxl in the control groups of each litter, it 
was possible to have both these two control groups only in the large litters. In 
most of the experiments therefore the weights of the organs of the normal un- 
injeeted rats were taken from the averages of the w eights of the organs of rats of 
other litters killed at th(' same age. For the final ages 74, 75 and 77 days the 
weights of the sexual organs of normal rats w ere interpolat(*d from the wtnghts of 
the organs of normal rats of tlu* nearest ages above and below theses In those 
cas(\s the difFerenees between the wx'ights of normal organs and those of the in- 
jected rats are so large that incorrect conclusions are impossible. No normal 
rats of the ages 132 days (Kxp. 5) and 149 flays (Exp. 6) wau^e available, so that 
the weights of tlu^ organs of th(‘ litters nean'st in ag<*, w hich w^ere 123 days old, are 
given in brackets. These values in any ease may be assumed to lx* less than those 
for rats 132 and 149 days old. Thus, with th(‘ exc<‘ption of Exps. 5 and (>, all 
th(* values for the wxuglits of normal seminal vesicl(‘s and prostates wx-re 
(Xilculated from the organs of normal rats of tlu‘ .same ag(». 

With regard to the other organs within a period of S-Kl days there' was little 
dilTereiiee between the avf'rages, wdiilst th(‘ individual differenof's wx'ix' largf'r 
than in the (xise of the prostate and seminal v(*si(^les. Thtxxd'oie two general 
avf'rages wei'e calculated for th(' woightsuf the normal organs (f'xcfqd- the sf'ininal 
vesicles and prostate), one for the ages 62-79 days and one for the agt'S 
H3-91 days. The total number of normal rats used for all these averages 
was 57. 

The hormone preparations were dissolved in the same way as in our pre^vious 
experiments [Korenchevsky an<l Dennison, 1935, 1, 2: Korf'nchevsky ct a/., 
1935, 1], The daily dosf* of the fat-soluble preparations was injected subcutane- 
ously in two half-doses, one at about 10 a.m. and the second at about 5.30 p.tn. 
the controls being injected with the same amount of f)ur(' oil; the water-solubh^ 
prf'paratkms were injected in three equal portions at about 9.30 a.m., 3 y).m. 
and 9.30 p.m. 

The daily dose, tin? duration of the period of injecjtion, the number of days 
after castration that tlu' injections were started aufl the final age ol the rats are 
given in Table J. 

As ill all our previous experiments all the' organs wf're weighed aftfU' fixation 
in Bonin’s fixative, except the hypophysis, which was fixed in 4% formalin- 
saline solution. This latter was necessary for the successful histological staining 
of this gland by a special modification of Mallory’s method [Crooke and 
Korenchevsky, 1935]. After weighing, all the organs were embedded in paraffin 
for histological investigation, the detaikxl results of which wdll bo given else- 
where. 


The effect of the male hormone 'preparaiionii on 
the secondary sexital organs. 

The average data of the results of these experiments are summarised in Table I. 
In order to economise space the weights of the organs of the uninjected control 
castrated rats are not given since these have already been given in several of our 
previous papers. At the same time it is important to show liow near it is possible 



EFFECTS OF SEX HORMONES ON RATS 2537 

to bring the atrophied sexual organs to the normal condition by the prolonged 
injection of dilferent doses of the hormone. Tlierefore in Table I only the weights 
of the organs of normal control rats or litter-mates are given. 

Maintenance experimenifi on males. Androsterone was used for the injections 
in Exps. 1-4 in doses of 0-5 to 3-6 mg. pc'r day (Table 1) for a period of 21 days 
(Kxp. 3) to 47-53 days (Exps. 1, 2 and 4). The iiijec^tions wctc begun 2-4 days 
after (jastration. A (Joinparativc'ly long period of inj(*etion was chosen as 
experiments of too short duration (7-14 days) do not siiow the continuance of 
the ‘'maintenance’' action. 

As can be sef‘n from th(‘ table*, tlu* normal average* w(*ights of the seminal 
vesicles at the* resp(‘ctive age*s we*re' not atl aineel by this means nor were even the 
lowest individual weights e>f the^ vesie-les for the respective ages rea(*he*d. With 
the* prostate*, however, aft<‘r the inje*ction of large doses (1-S~3d) mg. ]>er day) the* 
W(*ight of this organ wen exceeded the* av'crage*. wedght in Ex]). 3, but not in 
Exj). 4, whieh was of mueh longe/r duratiem and in which the* ave*rage normal 
we*ight of the* prostate* was not re‘ache‘el. though the* lejwe‘st variation of 575 mg. 
e)bse*rve‘el fe)r this age* was e'X(*e‘e*d(‘d e‘ve*n in this e*xpe*rimf.*nt. It is ])robablo that 
the* eliffe‘re*nee* bctvve‘eii Exps 3 anel 4 is cxplaineel by the fact that in Exp. 3 
large dose*s we‘re use‘d from the* lK*ginnmg e>f the expe‘rime*nt, whilst in Exj». 4, 

nig. was inje*cl(‘d tor the first 2b days, l-iS mg. for the following 19 days and 
3*b mg. for the* last S davs. The* do.s(‘s iise*el faileel to maintain the normal w’eight 
of the* fumis. whilst the* pre'putial glands in Exps. 2 and 3 r('a<*he.*d and even 
e‘X(‘e‘(‘ele*d the* normal ave‘rage*s 

A ndntsfi rant -(hoL if used in large* elose*s (Exps. IJ and 12, l‘4() 2-93 mg. of 
wate‘r-soluble prt‘paration), not only maintaine‘el the normal we*ight of the 
se*e'onelary organs but (Exp. 12) iuereased thi'se* by about three* times the normal 
we*ight in the* ease* of the* s<‘minal ve*sie*l(*s and by about twie*e‘ the* normal wenght 
in the case* of the* jirostate, the»ugh to a smaller ele*gr<*e in the* case eif the penis and 
[ireputial glands. Wh(*u a elose of 0*35 mg. of f.s. diol was injeeted from the 
l)(*ginning of tlu* e»xpe*riment (Exp. 15) the normal weight of the sexual organs 
was maintaineel only in some* of t he in j(*eted rats. No “ maintenance ” exyieriments 
W'lTe made with larger dose*s of f.s. dieil anel smaller doses faileel te) maintain the 
normal weights e)f the se‘xual organs (Exps. 13 anel 14). 

Recov( ry"' experiments on wales. Aiuirosterorie faileel to cause a (complete 
return of the seminal vesicles to the normal average weight, the highest doses 
used being 3-() mg. e^f f.s. androsterone* and 13 (>“27-2 mg. of w.s. androsterone. 

The recovery of the jirostate occurred only in Exj). 9, in whieh ev(*n the 
normal average* weight was exce(*ded and in Ex]:)s. 8 and 10, in whieh, in the rats 
injeeted with the high doses given above, the lower variation in the normal weight 
of the prostate w^as reached. 

With regard to tlie penis the normal average weight was in no ease reached, 
whilst that of the preputial glands became normal or even exceeded normal 
(Exps. 8, 9, 10). 

f.s. Dial, when injeeted in daily doses of 0*7 mg. for the long period of 32 days 
(Exp. 18) but not when injected for only 20 days (Exp. 17) caused a return of all 
the sexual organs to the normal weight, the weights even slightly exceeding the 
normal average weight. Tliis also occurred with the dose 5*3 mg. of the w.s. 
preparation (Exp. 21). With smaller doses of w.s, diol (Exps. 19 and 20), the 
weights of the prostate and seminal vesicles were less than the normal averages, 
but in Kxp. 20, in which the dose was higher and the period of injection longer 
than in Exp. 19 (Exp. 20—27 days ; Exp. 19 — ^21 days), the weights of the seminal 
vesicles and prostate even exceeded the lower variation in the normal weights. 
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It is interesting to note that in all recovery experiments the weights of the 
preputial glands were greater than the normal average weights. 

Unlike androsterone, the diol causers a return of all the secondary sexual 
organs (including seminal vesicles) to a normal condition and a normal ratio of 
their weights. 

The effect m the body weighty fat depositioTiy the endocrine and some other 
organs of male rats. 

In Table II a summary is given of the data referring to the organs which were 
found to show a change in weight. 

Table IT. inflmnee on organs of male rats. 

Average actual weights of adrenals, hypophysis, thymus, liver, kidney and heart in the injected rats as compared 
with those of control castrated liiler-mates or nonnal rats of similar age. 

Recovery Maintenance 





Androsterone (mg.) 


Diol (mg.) 

A 

Androsi. Diol (mg.) 

Organs 

Group of 
rats 

(hT 

Fat-soluble 

0-9 1-8 3-6 


Water- 

soluble 

13-6- 

27-2 

c 

Fat-.sc’uble 

0-7 0-7 

WsAter- Fat- Fat- Water- 

soluble soluble soluble soluble 

3-5- 1-8- 0-17- 1*5- 

6-8 3-6 0*7 2-9 

Adrenals 

Castrated 

65 

76 

107 

94 

59 

88 

107 



88 

70 

81 

65 

(mg-) 

Castrated 

55 

5G 

65 

52 

40 

44 

55 

43 

5(> 

4G 

52 

42 

injected 

Normal 



«- 

52 

47 

46 

62 

52 

4G 

52 

— 

55 

60 

Hypophysis 

(mg.) 

Castrated 

15-0 

14-2 

12-4 

12-4 

— 

ue 

12*4 

— 

14'6 

164 

18-0 

9-0 

Castrated 

3 5*2 

17-1 

11-9 

11-6 

8-6 

11-0 

10-4 

94 

10-5 

144 

18-6 

G-9 

injected 

Normal 

— 

— 

9-4 



8-9 

9-4 

9*4 

8*9 

94 

— 


9-0 

Thymus (mg.) 

Castrated 

31P 

332 

658 

658 


605 

658 

090 

6a5 

654 

612 

726 

Castrated 

291 

238 

442 

319 

4as 

297 

291 

350 

237 

444 

378 

352 


injected 

Normal 





401 



476 

401 

401 

475 

401 


373 

599 

Liver (g.) 

Castrated 

10-4 

9-4 

9-9 

9-9 

— 

10-1 

9-9 

— 

101 

8-2 

9-8 

7*5 

Castrated 

11-4 

11-0 

12-5 

11-9 

9-9 

10-8 

124 

8-9 

104 

9-8 

11-2 

8-5 


injected 

Normal 





11-3 



10-4 

11-3 

IDS 

104 

11-3 


11-3 

10*6 

Kidney (g.) 

Castrated 

1-74 

1-72 

1-76 

1-76 

— 

1*73 

1-76 

— 

1*73 

1-55 

1-94 

D87 

Castrated 

2-00 

F99 

2-07 

1-96 

1-95 

1-91 

1-97 

159 

1-99 

1'74 

247 

1*77 


injected 

Normal 





2-00 



1-83 

2-00 

2-00 

1*83 

2-00 


2-29 

1*66 

Heart (mg.) 

Castrated 

815 

774 

071 

67J 


789 

C71 



789 

566 

969 

516 

Castrated 

868 

877 

848 

769 

684 

’861 

830 

660 

858 

585 

1000 

649 


injected 

Normal 

— 

— 

823 

- 

761 

823 

823 

761 

823 


988 

708 

In order to economise 

Space, 

the weights of the organs of litters injected with 


different doses were averaged together in some cases (last 4 columns of Table), 
since there was little difference between the changes obtained irrespective of the 
dose in these cases. In this table, the weights of the organs of injected castrated 
rats are compared with those of uninjected castrated rats and with the average 
weights of those of normal rats. The dashes in the table indicate that no 
normal rats of the corresponding age (74, 77, 132 and 149 days old) were available 
(see technique). 

Adrenals. The weights of the glands of injected castrated rats showed in all 
cases a considerable decrease when compared with those of uninjected castrated 
rats. A comparison with the normal values shows that with all doses the injec- 
tions caused the hypertrophied adrenals of the castrated rats to return to the 
normal weight and size. If general averages are made from the figures given in 
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Table TI and from the {iorre8|:)onfiing figures calculated per 200 g. of body weight, 
it will be seen that the weiglits of the organs of the injected rats were identical 
with the no mal weights : 

Weights (mg.) 

A ■ 

Per 200 g. 

Actual body weight 

(-astrated iiniiijected rats 81 62 

(^astred injected rats 51 37 

Normal un injected rats 50 38 

HypophysiH, In (contrast to the complete return to normal weight after the 
injection of tlw? hormones in the casf^ of the adrenals, only large doses of f.s. 
androsterone (1 •8-3*6 rag.), of f.s. diol (0*7 mg.) and of w.s. preparations caused 
some degree of decrease in the h yp(»rtrophy of hypophysis in the majority of the 
rats. In thn^e experiments however (one, in which 3-6 mg. of androsterone were 
injected, and two maintenance experiments in which w.s. diol w^as used) the 
weight and sizt' of the hypophysis were reduced to tlie normal (or even less than 
normal) average figure. 

Using the dat a in Tabl(‘ II and tliose calculated per unit of body weight, the 
g(uieral averages of the weights of the hypophysis for castrated, castrated in- 
jected and normal uninjected rats are 13*9, 11*7 and 9-2 mg. (actual weights); 
and 10-2, 8-5 and 7*1 mg. (per 2tK> g. of body weight) resix'ctively. 

The histological investigation of all hyiiophyses, wliich is being carried out 
jointly with Dr A. V. Crooke, has not yet been completed for the large doses, in- 
cluding those cases in wdiich the weight of the hypophysis returned to normal. 

In agreement with our j)reliminary communications (Korenclievsky, 1935, 1 ; 
Crooke and Korenchevsky , 1 935] it is po.8Hible to say that doses lower than 1*8 mg. 
of androsteroma produced no histological effect. However, doses larger than 
1 *8 mg. androsterone and 0*35 mg. of diol produced a partial return to the normal 
histological condition, namely a ix^duction in the number and size of the “signet 
cells *, which are specific fur the “castration"' hypophysis. A detailed descrip- 
tion will b(‘ given elsewhere. 

Thymus. In castrated rats, the involution of the thymus is greatly delayed. 
As can be seen from Table II, the rate of involution of the thytnus was increased 
after the injection of all doses of androsterone and diol, exceeding in most cases 
the normal average value for the i*espective ago. Thus, making general averages 
from the data of Table II and calculating these per unit of body weight, general 
average weights are obtained for the weights of the thymus of castrated, castrated 
inject<id and normal uninjected rats of 556, 337 and 441 mg. (actual weights), 
and 411, 256 and 345 mg. (per 200 g, of body weight) respectively. 

Live/r. We have found that the liver of castrated rats is smaller than that of 
normal rats [Korenchevsky and Dennison, 1934, 1]. This is also clearly seen in 
Table II by comparing the weight of the liver in normal rats with that in 
castrated uninjected rats. 

Injections of f.s. preparations of androsterone and diol caused a return of the 
weight of “ castration liver to or towards the normal weight. With w.s. prepaia- 
tions, however, this effect was not so clearly seen. This is due to the fact tliat 
w.s. preparations decreased the appetite of tlie rats thus causing a decrease in the 
weight of the liver, the weight of which is always influenced by the amount of 
food consumed. The general average weights of the livers of castrated, castrated 
injected and normal uninjected rats are: 9*6, 10*7 and 11*0 g. (actual weights) 
and 6-9, 8-0 and 8*2 g. (per 200 g. of body weight) respectively. 
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Kidney. This organ is also slightly smaller in castrated rats [Korenchevsky 
and Dennison, 1934, 1] which fact is seen again in the present experiments, when 
a comparison is made of the figures given in Table IT for normal and castrated 
rats. As in the case of the liver, in jections of androsterone or of diol restored this 
atx'ophic condition of the kidneys of castrated rats to normal (except in one litter). 
Tlu^ gemeral averages for the weights of the kidneys of castrated, castrated injected 
and normal uninjex^ted rats were: 1-7 J, 1*93 and ]*95g. (actual weights), and 
l»2f3, 1-44 and 1*46 g. (per 200 g. of body wt'ighl) respectively. 

Heart. Thtire is also a slight decr(‘ase in the weight of the heart in castrated 
rats [Korenchevsky and Dennison, 1934, 1] which fact is confirmed by th<* data 
of the present experiments (Tai)le II). Injections of androsterone and of diol in 
most cases restored the normal condition. The general av’^erages of the wx^ights 
of the hearts of castrated, castrated injected and normal uninjected r ats are 733, 
789 and 814 mg. (actual weights) and 548, 600 and 602 mg. (per 200 g. of body 
weight) respectively. 

The gain in body weight arid the deposition of fat. As compared with the un- 
in jc'cb'd c*nntiol castrated litter-mates th<' gain in body weight was gr<'att*r in the 
rats inj(‘cted with f.s. preparations of androsteroiu* and diol (by ll--74‘/o’ 
average 40%). whilst the deposition of fat did not seem to be influenccHl in any 
definite way. On the other hand, the inert^ase in the gain in body weight was 
very much less with w.s. preparations (not more than 9‘Vo) and in most ease's 
was even less in the injected rats than in the uiiiujected castrat(‘d litter-mates 
(by 11-28%). The deposition of fat was also less than in tlie control rats in most 
cases (by 4-^9%). These facts, as with the liver, arc probably ex])lained by the 
reduced appetite due to injections of the w.s. pr(‘})aj atiot)s in th(' large dos('s us(h 1, 
which s(*em to Ix' toxic. 

Thyroids and spleen. The changes in weight of tlu'se two organs wtn'e not- 
constant. Until the histological investigation has been complettxl it is im]>ossible 
to come to any definite conclusion with regard to the (changes in tlu' thyrr>id, 
though from our previous results [Korenchevsky and Dimnison, 1934, IJ and 
our preliminary experiments with androsterone definite changes were expected. 

The effect on the. organs of males of simultaneous injections of male and 
female sexual hormones. 

Experiments were performed on two litters, one containing 8 and the other 
4 rats. In the first litter 2 rats were left uninjeett'd as a control group, 3 rats 
were injected with androsterone alone and 3 rats were injected with androsterone 
and oestrone simultaneously. In the second litter 2 rats were injected with 
androsterone and 2 with an^’osterone and oestrone. Tin? rc'sults obtained were 
so regular that a conclusion can be drawn. The rats w(*re (castrated at 27 days 
old. On the fourth day after castration daily injections with androsterone were 
started and three times a week oestrone was injected into those rats receiving 
both hormones. The injections were continued for 47 days and the rats were killed 
ai 77 days old. The changes obtained in this ‘‘maintenance’' experiment are 
summarised in Table III. 

It can be seen from the table, that in the rats injected simultaneously with 
both hormones (1) the jxrostate and the seminal vesicles were much larger than 
in those inject('d with androstei’one alone; (2) the percentage increase in the 
prostate was nearly equal to (Exp. 2) or larger than (Exp. 1) that of the seminal 
vesicles and (3) with the smaller dose of androsterone the stimulating action of 
oestrone w as much more pronounced. This last effect may be explained by the 
fact that an increase in the dose of androsterone has a much greater stimulating 
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Table III. Effect on actual weight of organs of simultaneous injection of 
androsterone and oeatrone on male rats. 

Average weight of change* in weight 

organs (mg.) of organs 


Organs 

Groups injected with: 

Exp. 1 

Exp. 2 

Exp. 1 

Exp. 2 

Seminal vesicles 

Androsterone 

39 

64 

— 

— - 


Androsterone 4- oestrone 

68 

87 

f 4- 74 

1(-H0«) 

f +36 
[(+57) 

Prostate 

Androsterone 

237 

452 

— 

— 


Androsterone + oestrone 

517 

637 1 

1 

[(+164) 1 

( +41 
l(-i-62) 

Adrenals 

Androsterone 

48 

41 



— 


Androsterone + oestrone 

65 

55 ^ 

[ + 1 

[{^ 72) j 

[ +36 
i(+55) 

Hypophysis 

Androsterone 

13-8 

321 

— 

— 


Androsterone 4 oestrone 

150 

14-7 j 

f i 9 1 

K-r 29) 1 

[ f2l 
[(+39) 

Thymus 

Androstertuie 

745 

465 

— 

— 

Androsterone f oestrone 

.527 

363 1 

1 

f - 1 

K- H>) 1 

i 1 

(Jam in body 

Androsterone 

183 

188 

— 

— 

eight 

Androsterone oestrone 

143 

156 

- 22 

-17 


Soto. In Kxp. 1 ilu'. hormones were injected in the <laily doses: androsteroiu* O*;") ing., oestrono 
(WH.u.: in Exp. 2, androsterone I mg., oestrone tU> i.ii. In brackets i>erccntage cliauge in weight 
of (trgans unit of body wciglit. 


effect oti the organs tlian the sinuiltaneoiis administration of oestrone. 

This is shown even in rtH*ovorv Kxps. 8 and 9 (Table 1). in which large doses of 
androsterone after only 17-21 days’ injection brought about an increase in the 
wtdght of the prostate about equal (E.kj). 8) to that obtained in Exp. 2, Table HI 
or above the normal weight (Exp. 9, Table T). By incre^tsing th(^ dose of andro- 
sterone in Exps. 8 and 9 mu<‘h larger .seminal vesicles also were obtained (250- 
300 mg.) than by addition of 0 (*.strone to androsterone in Exps. 1 and 2, Table III 
(08 and 87 mg,). The addition of oestrone to androstiuone caused an in (.Tease in 
the weight of the adrenals, a slight increase in the weight of the hypophysis and 
a decr'ease in the weight of the thymus ami tiu* gain in body weight. The deposi- 
tion of fat decreased slightly (by 20 % in one litter and by 8 % in the oth(,T). The 
changes in the adrenals and hypophysis and the gain in body weight must be 
considered pathological . 

No considerable or con.stant changes w'ere noted in the weights of the penis, 
preputial glands, thyroid, liver, kidneys, spleen or heart. 

A striking diflerence is seen on comparing the results obtained in those experi- 
ments with those previously published [Korenchevsky and Dennison, 1934, 2] 
on the simultaneous injection of wstrone and testicular hormone preparations 
from urine. Whilst in the present experiments the effect of the additionof oestrone 
to androsterone was more marked in its action on the prostate, the addition of 
oestrone to the urinary hormone preparations had much more effect on the 
Bt^minal vesicles than on the prostate. This is probably connected with the 
weaker reaction to androsterone shown by the seminal vesicles as compared with 
the much stronger reaction of the prostate. Points of similarity in the previous 
and present results are the decrease in the gain in body weight, the sliglit de- 
crease in the deposition of fat, the stimulation of the rate of involution of the 
thymus and the slight increase in the weight of the adrenals and hypophysis 
(though the adrenals were slightly increased only in the experiments with the 

Biochem. 19:^5 xxix 162 
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urinary preparation [Koronchevsky and Dennison, 1934, 2, Table V, 

p. 1491]. 

The variation in the ‘‘hypej tropliic” effect of oestronc on the adrenals of 
castrated rats probably depends on the degree of conversion of the adrenals by 
castration into '‘castration’’ adrenals. As we have already shown [Koren- 
chevsky and Dennison, 1935, 3] the effect of oestrone on the adrenals of normal 
rats is similar to, if not identical with that observed after castration. Therefore 
if castration has already produced the maximum effect on the adrenals, oestrone 
should have no further (effect ; but if the conversion of tht^ adrenals by castration 
is not complete, tlu* injection of oe.strone will finish this change. 

Does testicular horwmie possess a so-called rejuvenating^^ influence? 

Androsterone was injected for 24 days into 12 approximately year-old normal 
male rats belonging to 5 litters, 7 litter-mates being left as the controls. These 
rats had already become lazy and obese with unclean fur and skin, not cleaning 
themselves properly from insects, and had lost the agility, restlessness and curiosity 
typical of healthy young and adult rats, whilst some had in addition chronic 
pneumonia which was revealed on dissection. Observation during life and exami- 
nation of the organs after killing showed that androsterone in doses of 0*1 or 
0*9 mg. had no favourable cffec^t on these old injected rats as comparc^d with their 
control uninjected litter-mates. 

The changes obtained in the weights of the organs, the fat deposition and 
body weight were small and were not constant. The testes in most of the injecte'd 
rats were on the average about 10 % smaller. The results obtained were therefore 
similar to those previously obtained on normal adult rats injected with purified 
testicular hormone prepared from urine [Korenehevsky et al,, 1933J. 

The relation between the dose of androsterone and the effect on the sexual organs. 

The number of experiments available is too small for drawing a definite 
curve. Moreover, the ages of the rats injected and the period of time after 
castration that the injections were started differed. However, for comparison 
Exps. 5, 6, 7 and 9 were chosen, since in these androstiTono was injected for 
about the same period (21 or 22 days). From Table IV it can be seem that there 

Table IV. Relation between the dose of androsterone and percentage increase in 
weight {actual and per unit of body weight) of sexual organs of castrated male rats, 

% increase in weight of organs 

^ „ ..... , ^ 

Seminal vesicles Prostate J\Mn.s Preputial glands 


Andro- 


Per unit 


Per unit 


Per unit 


Per unit 

stcrone 


of body 


of body 


of body 


of body 

(mg-) 

Actual 

weight 

Aciuiil 

weight 

Actual 

weight 

Actual 

weight 

045 

228 

221 

222 

223 

106 

130 

114 

116 

0-0 

404 

403 

476 

506 

124 

111 

166 

179 

1-8 

461 

400 

800 

724 

204 

183 

181 

160 


1823 

2060 

1598 

1887 

226 

281 

163 

214 


appears to be a direct proportional relationship between the dose and the 
percentage increase in the case of the prostate, which is in agreement with our 
assay experiments [Korenehevsky and Dennison, 1935, 1]. ’^ilst the seminal 
vesicles show this same proportional relationship with the two smaller doses of 
0*45 and 0*9 rag. and the highest dose of 3*6 mg., a lag occurred with the middle 
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d 08 c of 1*8 mg, which produced an effect equal only to the half dose of 0*9 rag. 
We draw attention to this fact, since we found a siniilar flattening of the curve of 
seminal vesicles with the middki dose in our assay experiments of 7 days’ duration 
[see Korenchevsky and Dennison, 1935, 1; Table VI, p. 1726], 

The same approximate direct proportion between the dose and the effect is 
also seen (Table I) in the present Exp. 1 (0*5 mg. andi*osterone) and Exp. 2 
(1*0 mg. androsterone). Injections were made for 47 days and the following per- 
centage increases in th(^ weights of the organs were obtained : 

8 eininal vesicles IVostatc 

Androsterone ^ ^ , ^ . 



Actual 

iN'r 200 g. 

Actual 

Per 2(X) g. 

0-5 

179 

175 

248 

234 

1-0 

357 

309 

565 

500 


Female bats. 

Technique, 

injection experinuMits w^ere performed on 18 littens containing 103 spayed 
rats and the effects of ovariectomy were studied in 4 litters containing 19 rats. 
Ovariectomy was performed at ages varying from 23 to 27 days, i.e. before 
sexual maturity. The number of rats used in each experiment, the final age, the 
number of days after ovariectomy that the injections were started and the period 
of inj(‘ction in days are given in th(» last 4 lines of Tables V and VI. The dose of 
the hornioiK* injected is given in the top line. 


Table V. Effect of sexual hormones on femah rats» 

Avera)?e actual wei^jhts of organs of control rats and their Utter-maUis. injected with f.s. or w.s. preparations of 
androsU'ronc, androsterone-diol and oestrone, 

l>io1 (rn{r.) 

Androsterone (nig,) . ^ , 





f.s. 


f.s. 


w.s. 


Oestrone (i.u.) 

Organ 

(ji'uup 

6*9 

i-8 

~3d) 

0-19 


2*29 

" 3^4 

20 

45 

180 

Uterus (rng.) 

Control 

33 

33 

34 

40 

33 

33 

33 

36 

34 

26 

Injected 

32 

39 

47 

59 

99 

66 

123 

155 

131 

135 

Vagina (ing.) 

Control 

115 

125 

94 

125 

81 

81 

81 

119 

88 

131 

Injected 

130 

124 

124 

180 

165 

136 

172 

201 

157 

2a5 

F. preputial 
glands (mg.) 

Control 





65 

83 

86 

85 

85 

83 

75 

75 

Injected 

— 

— 

274 

244 

198 

191 

148 

68 

66 

50 

Adrenals 

Control 

84 

82 

C)0 

73 

88 

88 

88 

73 

74 

78 

(ing.) 

Injected 

60 

61 

37 

57 

42 

42 

38 

66 

62 

75 

Hypophysis 

Control 

13-4 

13*3 

12*0 

14*7 

13*5 

120 

12*0 

13*2 

12*4 

12*1 

(ing.) 

Injected 

12-7 

13-0 

9*7 

15*2 

10*6 

9*0 

10*2 

13*9 

12*8 

15*4 

Thymus 

Control 

411 

409 

551 

474 

607 

607 

607 

382 

579 

372 

(“«•) 

Injected 

330 

25S 

378 

366 

619 

483 

312 

330 

447 

300 

UTer (g.) 

Control 

8-06 

8*27 

8*42 

6*68 

8*74 

8*74 

8*74 

7*91 

8*58 

8*48 

Injected 

9'54 

9*83 

9*92 

8*41 

10*73 

9*41 

8*99 

7*07 

6*53 

8*02 

Kidney (g.) 

Control 

1-75 

1*80 

1*34 

1*33 

1*79 

1*79 

1*79 

1*46 

1*56 

1*57 

Injected 

1*94 

1*93 

1*83 

1*60 

2*00 

2*11 

1*84 

1*43 

1*86 

1*72 

Gain in body 

Control 

13 

17 

90 

27 

131 

131 

131 

33 

HI 

56 

weight (g.) 

Injected 

28 

88 

106 

45 

127 

125 

102 

10 

73 

26(-14) 

Total no. of rats 

8 

4 

4 

9 

5 

4 

4 

20 

9 

10 

Final age, days 

Days after spaying ... 
Period of iniectlons. 

118 

131 

63 

m 

63 

63 

63 

118 

62 

118 

69 

82 

11 

55 

10 

10 

10 

68 

11 

67 

days 

... 

22 

22 

27 

23 

27 

27 

27 

28 

28 

27 


162"^2 
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Table VI. Effect on female rats of addition of testicular hormones 
to oestrone injections. 

Average actual weight of organs of oestrone -iujected rats and their litter-mates injected 
simultaneously -^ith oestrone and androsterone or androsterone-diol. 


Daily doses of oestrone (i.u.) or testicular hormone 
preparations (mg.) 

A . . - 


Group of rats injected with : | 

f 

{ Oestrone 
20 

Andro- 

Oestrone 

100 

Andro- 

Oestrone 

20 

Oestrone 

1(X) 

> 

Oestrone 

180 

Organs 1 

1 stcrone 

i 1*88 

sterone 

3-6 

Diol 

0-36 

Diol 

057 

Diol 

0-36 

Uterus (mg.) Oestrone 

171 

155 

146 

109 

128 

Oestrone + testicular hormone 

185 

251 

208 

237 

300 

V’^agina (mg.) Oestrone 

181 

146 

256 

154 

171 

Oestrone + testicular hormone 

236 

202 

275 

250 

214 

F. preputial Oestrone 
gland (mg.) Oestrone + testicular hormone 

65 

56 

68 

62 

— 

275 

14!) 

184 

134 


Adi'enals ( mg. ) Oestrone 

82 

61 

70 

59 

64 

Oestrone 4- testicular hormone 

71 

45 

66 

39 

53 

Hypophysis Oestrone 

Ifvl 

130 

15*1 

13-2 

12*3 

( mg. ) Oestrone + testicular hormone 

161 

9-9 

14-9 

13-8 

10- 1 

Thymus (mg.) Oestrone 

383 

486 

416 

351 

505 

Oestrone + testicular hormone 

448 

278 

307 

215 

365 

Liver (g.) Oestrone 

6*50 

6-34 

6-43 

6-58 

6-67 

Oestrone -f testicular hormone 

7-25 

8-45 

7 96 

0-50 

7-73 

Kidney (g.) Oestrone 

1-26 

1-26 

1-35 

1-37 

1 44 

Oestrone + testicular hormone 

1-51 

172 

148 

1-57 

1-70 

Gain in body Oestrone 

45 

50 

8 

74 

83 

weight (g, ) Oestrone + 1 esticular hormone 

61 

tK) 

60 

71 

92 

Total no. of rats 

6 

5 

4 

6 

5 

Final age, days 

76 

64 

103 

61 

62 

Days after spaying ... 

28 

11 

55 

10 

11 

Period of injections, days 

22 

28 

22 

27 

28 


The technique of the experiments and the preparations of the hormones 
injected were the same as those used in the experiments on mak^ rats. 

The weights of the organs of normal female rats were not investigated. In 
two litters only, 2 litter-rnates of each litter were kept as normal controls. In 
the tables therefore control rats mean uninjeeted spayed rats as compared with 
injected spayed rats. 

In normal female rats the condition of several organs changes to some extent 
with the sexual cycle. It would therefore be necessary to make a preliminary 
detailed investigation of the effect of the sexual cycle on the weight of the organs 
of normal female rats, before experimenting on normal females. 

Female preputial glands. 

Under the skin at the exit of the urethra of the female rat are situated two 
flat club-shaped glands, which in their form and histological structure are homo- 
logues of the preputial glands of the male. We were unable to find a description 
of these glands in the previous literature and we have therefore named them 
'‘female preputial glands 

A detailed histological description will be given elsewhere. 
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The effects of ovariectomy. 

For the reason just given we shall mention only briefly some definite results, 
which wo obtained in experiments on 4 litters of females containing 19 rats, in 
which half the rats in each litter were spayed, the other half being left normal. 

The litters were killed 33-88 days after ovariectomy at ages varying from 63 
to 114 days. That the sexual organs atrophy after ovariectomy is already well 
known. In our rats the respective average percentage decreases in the weights 
of the uterus and of the vagina were 87 and 55 % (actual weights) and 89 and 
body w(ught) as compared with those of their normal litter- 
mates. The female preputial glands which are homologous with the preputial 
glands of the male, were smaller in most rats by about 20-40 % . However, as in 
the case of the male glands, the individual weights of the f(‘male glands vary con- 
siderably. The involution of the thymus was delayed, so that in ovariectomised 
rats this organ was heavier than in the normal litter-mates (by about 40-70%). 
The deposition of fat was increased in most of the rats (by about 24-77%). 
Changes in the other organs were small. 

The (ffect of sexual hormones on the orgaihs of spayed females. 

In the following series of experiments only one of the hormones (male or 
female) was injeeU'<l into any rat. The results are summarised in Table V, in which, 
in order to economise' space, only the actual weights of the organs are givem and 
mention will he made» of those cases, in which the percentage changes per unit 
of body weight differ considerably from tliese. 

The sexual organs, Oestrone as is well known and as is shown in our experi- 
ments (Tables \’) causes a considerable return to the normal condition of the 
atrophied ute rus and vagina. Our experiments showed that tht^ female preputial 
glands remain unaftbeted or wore even slightly decreased. 

Whilst androsterom was found to have no considerable effect on the uterus 
and vagina, it claused a considerable hypertrophy of the preputial glands. 

Diol, especially in the larger doses, had a considerable stimulating effect on 
all the sexual organs of spayed rats, uterus, vagina and preputial glands. With the 
largest dose (3*54 mg. ws. diol, Table V) the effect approached that of oestrone, 
the condition of the sexual organs however being far from normal as is shown by 
the following average figures for the weights (mg.) of the uterus and vagina in one 
lit ter of rats : 


Normal uniujeoted rats 

t'tenib 

355 

Vagina 

233 

Spayed uninjeeted 

33 

HI 

Spayed injected with diol 

123 

172 

Spayed injected with oev«?trone 

1 55 

146 


In addition in some of the rats injected with diol a “female prostate developed 
from the microscopic rudimentary })eriurethral glands. This reaction has already 
been mentioned [Korenchevsky, 1935, 2J and will be described in detail elsewhere. 

Adrenals, Whilst the effect of oestrone on adrenals of spayed rats was slight 
or negligible, both androsterone and the diol caused a considerable, sometimes a 
very considerable decrease in the weight of these organs. Thus the effect of the 
male hormone on the weight of the adrenals was the same in both castrated males 
and spayed females. 

Hypophysis, Whilst oestrone had no effect on the weight of the h;j^physis 
of spayed females, large doses of androsterone and diol were followed by a de- 
crease in the weight of this organ. 
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Thymus. It is well known that involution of the thymus is delayed in spayed 
rats. The figures in Table V show that the fi^male and male hormones caused a 
return to normal in the speed of involution of the thymus to about the same 
degree. 

Lwer and kidneys. The effects of androsterone and diol on the liver and kidneys 
of spayed females were similar to those observed on these organs in the case of 
castrated males. There was a definite increase both in the actual weight and in 
the weight per unit of body weight, except with the highest dose of w.s. diol 
(3*54 mg. per day) with which dose th(‘ appetite decreased. As has already been 
mtmtioned, loss of appetite with this dose was also observed in males and re- 
sulted in a smaller liver weight. These increases in weight of liver and kidneys 
did not occur witli oestrone injections, aftc*r w4)ioh in the majority of rats the 
actual weight of the liver decreased, though this was less noticeable or even 
absent when the weights were c*alculatcd per unit of body weight. This is probably 
explained by the lower body weight of the oestrone-inj(^et(‘d rats. 

The gain in body v^vighi and in the deposition of fat. The gain in body weight 
and the deposition of fat were iiicn‘ased slightly by thf» injection of androsterone 
and of small doses of diol. Lai-ge doses of diol did not improve the gain in weight 
(Tabh' V) and with th(‘ largc^st doses there was even a small decrease in the gain 
in weight. The deposition of fat. w as decreas€*d, on tht; average by about 50 % by 
the use of large dos(‘s of f.s. and w.s. diol. 

Oestrone, in the dosi‘s used, in all cases slightly decreased th(^ gain in body 
weight (Table V) and the deposition of fat (by about 17 %). 

Thus, speaking generally, small doses of male hormones had a favourable 
effect, w’^hilst large dos(‘S and oestrone injections had a depressing effect on the 
nutrition of female rats as far as can be judged from their gain in weight and fat 
deposition. 

The effect on femaks of the addition of male hormones to oestrone injections. 

This is an important question, since it is now' establishtd that both “male’^ 
and “female” hormones are normally excrettd in the urine, probably in normal 
circumstances in a definite ratio. 

The experiments for the elucidation of this cpiestion are summarised in 
Table VI, in which the following data are given: the w'eights of the organs in 
which changes were found, the number of rata uBt‘d in the experiments, the age 
of rats, the number of davs after spaying that thi‘ injections were started and the 
period of the injections. 

The control rats in these experiments wt‘re* oestrone-inject(d spayed females, 
i.e. rats already supplemented by tlie female hormone which might he exjK^cted 
to bring about a complete recoA^erj^ of the spayed rats to the normal condition. 
These rats were compared with their litter-mates injected with the same dose of 
oestrone with the addition of androsterone or diol. 

The sexual organs. Tf there were any doubt as to the male hormones alone 
having a stimulating effect on the sexual organs of spayed rats, the experiments 
on the simultaneous administration of these hormones with oestrone proves con- 
clusively their co-operative effect. 

It can be seen from the respectivti figures of Table VI that the addition of 
androsterone or diol increases the “recovery” effect of oestrone seen in the 
uterus. The largest doses of androsterone and diol increased this effect of oestrone 
by about 60 and 130 % respectively and in the case of the vagina increased the 
effect by about 40 and 60 % respectively. Thus the addition of male hormones to 
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oestrone produced a considerably larger effect on the uterus and vagina of 
spayed rats than is obtained by the use of either male or female hormone alone. 

Both in the experiments which have already been mentioned (Table V) and 
in the experiments summarised in Table VI the female preputial glands of the 
rats injected with oestrone alone were small, varying on the average from 50 to 
68 mg. This shows once more that ocstronc' has no effect on these glands. The 
addition of mahi hormone to oestrone injections increased the weight of these 
glands uy> to 275 mg. (Table \T) whi(ih weight can l>c obtained for these glands 
by the injection of andi*osterone or diol alone (Table V). 

Therefore the addition of androstcrone or of diol to oestrone injections was 
followed by the co-operation of these hormones in bringing about an improve- 
ment in the recovery to the normal w<ught in the case of the atrophied uterus 
and to a smaller degree of the atrophied vagina of spayed rats. 

On the other hand this co-oy)eration was absent in the case* of the female 
preputial glands, for the gi-(‘atcst devedopme^nt of which the male* and not the 
female hormon(*s arc revsponsible. 

Thymus, OcstroiH* sliglitly in(*rcas(*s the rate of hivolution of the thymus in 
spayc(l rats (Tabh* V). Therefore tht^ wc'ights of the thymus in the rats injected 
with oestrone alone (Tabh* M) are smaller than those* given for this organ in uii- 
inje‘eted s[)ay(*d rats (Table \ ). By the addition of androste‘rone or of diol to 
oestrone iii most (ias<*s the rate* of this process of involution of the thymus, 
alre‘ady stiinulat.e*d by oestreme, was st ill furthe*!* iuereas(*d (Tablt* VI). Therefore 
theM*<‘ appt*ars also to be a co-operative* action be‘t wccii androsteronc and oestrone 
in the case of the aedion on the* thymus, which is however muedi less than in the 
e^ase of the* uterus. 

Adremls. Xot emly was it sf*e'n that the^re* was no '‘eo-ope*rative” action in 
thij case of the adrenals, but in sonu^ e*ases oestrone appt*aix*d to have an antagon- 
istic effe<‘t. on the a<*tion of the male hormon(‘s. The following <*xperiment on 6 
spayenl litter-mates may be* given as arj example. The actual weights of the 
aeb’enals of 2 rats inje*eted with oestrone alone* were 87 and 77 mg.; of 2 injected 
with androsteronc 42 and 51 mg. ; and of 2 injected wdth the same dose of andro- 
ste‘roiu? and exjstrone 70 and 73 mg. However, the typical eftect (i.c. reduction 
of weight) of androstcrone* on the adi^enals of spayed rats (although probably 
de(Toas(*d) was still se^en in all the* experiments, in which male and female 
hor mones were injected simultaneously (Table VI). 

Uypophyds, Hver and kidneys. In all these organs the typical action of andro- 
sterone or diol was obtained in most cases (Table VI), but, since the effect was 
no gi*eater than that obtained by the injection of the male hormone alone, 
oestrone had no co-operative effect. 

The. gain in body weight and the deposition of fat. In the same way the 
beneficial stimulating effects of moderate doses of androstcrone and of diol on 
the gain in body weight and on the deposition of fat predominated over the 
depressing effect of oestrone. The data in Table VI show this in the case of the 
gain in body weight. The fat deposition, which decreased slightly in most oestrone- 
injected rats (on the average by about 17 %), increased as compared with these 
rats (on the average by about 56 %) in rats injected simultaneouvsly with oestrone 
and androsterone or diol. The following experiment on 6 spayed litter-mates will 
serve as an illustration. The actual weight and the weight per unit of body weight 
of the retroperitoneal fat were respectively in : ^ ^ 

2 oewtrone-injected rats 31 2-8 

2 androflterone-inject^d rats 4 » 5-2 

2 androstcrone- and oostronc-injected rats 6*8 4*^ 
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Discussion. 

Before the histological investigation has been completed, we cannot say how 
far the changes obtained in the weights of the organs after the injections repre- 
sent a true normal recovery. 

The difference between the effects of fat-soluble arid water-soluble preparations. 

In general, it can be said that no important differences in specific action were 
found between fat-soluble and water-soluble preparations of the male hormones. 
The large doses of water-soluble preparations used in our experiments, however, 
had a slightly toxic effect, depressing the appetite, the gain in body weight, the 
deposition of fat and the stimulating action on the liver. 

The difference between the effects of androsterone and diol preparations. 

In males the most important difference lies in the difference in the actions on 
the sexual organs. Whilst androste*rone, ev^en in the largest doses used, was only 
able to bring about complete recovery to the normal condition in the case of the 
prostate and preputial glands, diol caused a complete return to the normal weight, 
in some cases even exceeding this, in the case of all the sexual organs. In Exj). 12 
(Table I) this overstimulation by diol of the prostate and seminal vesicles 
reached a remarkably high degree and overstimulation of the preputial glands 
was seen in about half of the experiments. 

In our previous papers [Korenchevsky and Dennison, 1985, 2 ; Korenchevsky 
et al., 1935, 1, 2] from the results of 7-day experiments and from the comymrison 
of the action of diol on the sexual organs of castratfd male rats with that of 
gonadotropic hormone on the sex organs of immature male rats, we came to the 
conclusion that diol and not androsterone appeared to have the properties of a 
complete male sex hormone. How complete are these projx^ties however it is 
impossible to say before completing the histological investigation and carrying 
out metabolism experiments. In addition it is necessary here to emphasise that 
diol has not yet been shown to be present either in the organism or in the urine, 
nor quantitatively is it so effective as testosterone. 

In females it was also found that the stimulating action of diol was stronger 
than that of androsterone in the case of the recovery of the atrophic uterus and 
vagina. We did not find any other significant differences between thc^se two sub- 
stances. 

The co-operaiive and antagonistic actions of male and female, hormones. 

We propose to use the term “co-operative action ” in those cases where the 
action on some organs or functions of two or more substances (whether hor- 
mones or not) is greater when they are administered simultaneously than when 
they are used separately. 

In our previous experiments with urinary concentrates of the hormone 
[Korenchevsky and Dennison, 1934, 2] and in the present experiments with 
androsterone a co-operative effect of male and female hormones on tdbie reaction 
of the sexual organs (and to a less degree of the thymus) was seen in males. 

The addition of oestrone to urinary hormone preparations, however, causes a 
much greater stimulation of the seminal vesicles than of the prostate, whilst, 
wh(ui androsterone is used with oestrone, the degree of stimulation of the 
seminal vesicles is less than or equal to that of the prostate. This fact also indi- 
cates that in the urinary concentrates of the male sexual hormone besides andro- 
sterone another male hormone is present. 
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This co-operative action was also seen in females in the effect on the female 
sexual organs (and to a smaller degree on the thymus) of androsterone or diol 
used with oestrone. 

The antagonistic effexit was not so clear as the co-operative effect, but was seen 
to some extent in two cases, in the action on the adrenals and on the gain in 
body weight. The addition of oestrone to androsterone was followed by a 
lessening of the action of androsterone in (1) decreasing the hypertrophied 
adrenals to the normal weight ; and (2) in increasing the gain in body weight in 
castrated males and spayed h^males. 


The importance of the co-operative action in the recovery to the normal con- 
dition of the sexual organs of castrated and spayed rats. 

We have found that in males an increase in the dose of androsterone or of 
diol always gave a quicker and greater recovery of the sexual organs of castrated 
rats than was given by the addition of oestrone. The co-operative action in males 
therefore seems to be of little importance, since it is replaceable. 

With females however this does not seem to b(i the case, though this con- 
clusion was based on only one experitrient of 7 litter-mates (final age 62 days; 
period of injection 28 days), sinc(‘ normal controls were present only in this litter. 
Ilow(‘ver th<' r(‘gularity of the results obtained in the individual rats of the groups 
and tht‘ (*l(‘ar-cut results betwt^cn the groups are convincing as is shown below by 
the av^erage weights of the sexual organs in the groups: 


2 normal litter-matea 

2 spayed injected 180 i.ii. oestrone 

3 spayed injected 180 i.u. oestrone 4 

n-3,) mjz, diol 


I? torus (mg.) 

' Per 

2(M) g. 
body 

Act ual weight 

277 335 

128 155 

3(»0 343 


Vagina (mg.) 

Per 
2(K) g. 
body 

Actual weight 

229 279 

171 20(> 

214 241 


Female preputial 
glands (mg.) 

I*er 

200 g. 

body 

Actual weight 

94 118 

50 60 

l.>() 169 


It follows from these? figures that a large dose of oestrone injected alone failed to 
bring about a complete return of the sexual organs of spayed females to the 
normal condition, whilst complete recovery was obtained by the addition of 
diol. 

The degree of change obtained in the other experiments given in Tables V 
and VI also suggests that the co-operative action of male and female hormones 
is important for the recovery of the sexual organs of spayed females to the normal 
condition. In contradiction to this is the fact that very large doses of androsterone 
(the hormone found in the organism) are required to produce this effect and even 
then the reaction is much less than that obtained with diol (the artificial hor- 
mone not found in the organism). There is reason however to expect that the 
action of testosterone on females will probably be similar to that of diol, since 
the effects of these substances on males are in many respects similar. 


Pathological effects. 

The female preputial glands in females are homologous with the preputial 
glands in males. V^ilst oestrone appears to have no effect on either of these 
glands, both androsterone and diol cause their overstimulation beyond the '‘age- 
weight in’’ both cases. It seems that the overstimulation of the female preputial 
glands and the development of the “female prostate ” are both abnormal features 



2550 V. KORENCHEVSKY, M. DENNISON AND S. L. SIMPSON 

produced in spayed females by largo doses of male hormones. Simultaneous 
administration of oestrone failed to counteract this abnormal effect of the male 
hormones. These abnormal actions of the male hormones must be regarded as 
being relatively unimportant since they have no harmful effect on the organism 
as compared with the dangerous action of oestrone on some of the organs in 
males [Lacassague, 1933; Burrows and Kennaw^ay, 1934; Korenchevsky and 
Dennison, 1935, 3]. 

The manifold effects of the seximl hormones. 

In our previous papers [Korenchevsky et at.., 1933: Korenchevsky and 
Dennison, 1934, 1 ; 1935, 4] we demonstrated the manifold effects of castration 
in male rats and the reversal by purified male hormotu' preparations prepared 
from urine of most of the changes produced. 

Tlie present experiments with pure androsterone and its derivative's (‘onfirm 
the manifold effects which, in addition to those on the sexual organs, are sc'C'n in 
the changes in gain in bod\' weight, deposition of fat, adrenals, thymus, liver, 
kidneys and heart. 

We wish particularly to emphasise tlu' stimulating eff(*(*t of these hormone's 
on the heart, liver and kidney, with regard to the clinical possibilities. If this 
effect should also be found in human beings, the male hormones may become a 
valuable acquisition in the treatment of suitable diseases ini male patients, since 
these hormones are natural stimulants and seem to be mild but effective in action. 
We tiuTefore suggest that a clinical trial of these substances should be made in 
suitable diseases, since no harmful results can be expected to follow their applica- 
tion, whilst the advantages may be considerable. 

Summary. 

1. Experiments were performed on 188 normal and castrated male rats and 
122 normal and ovariectomised female rats in order to study the effects of the 
prolonged administration of Ruzicka’s artificially prepared androsterone and its 
fat- and water-soluble derivatives, injected alone or simultaneously with 
oestrone. 

2. Castrated male rats. From the comparison of the results of the previous 
short-duration experiments on these substances, the present long-duration 
experiments and our previous experiments wdth the gonadotropic hormone of 
pregnancy urine, diol was found to have the qualitative properti(?s of a true male 
hormone : the secondary sexual organs (including the seminal vesicles) of castrated 
males were maintained (by suitable doses) in a normal condition or even reached 
more than the normal weight and the atrojihied organs were restored to the 
normal weight. 

3. Androsterone (even in the largest daily dose used of 3-6 mg.) had not aU 
these properties, being mainly deficient in restoring the atrophied seminal 
vesicles and j)em& in castrated males, though prostates and preputial glands of 
normal or more than normal weight were obtained in both maintenance and 
recovery experiments. 

4. The injection of very large doses of water-soluble androsterone (about 
13*6-27*2 mg. per day) and water-soluble diol (about 2*9-5*3 mg. per day) had a 
depressing effect on the gain in body weight, the deposition of fat and the 
stimulation of the liver. 

5. The effects of androsterone and diol and their water-soluble esters were 
manifold, for not only were the sexual organs of castrated rats restored to or 



EFFECTS OF SEX HORMONES ON RATS 2551 

towards the normal condition, but also the following organs or functions : gain 
in body weight, adrenals, hypophysis (with large doses), thymus, liver, kidneys 
and heart. 

6. A co-operative action on the seminal vesicles and prostate (and to a 
smaller degree on the thymus) was seen beiwe(*n androsterone and oestrone, 
though a quicker and greater effect could be obtained by increasing the dose of 
the male hormone preparations. An antagonistic action on the adrenals appeared 
to occur between the male hormones and oestrone. 

7. In the presemt experinumts of long dui‘ation, as in the previous experi- 
ments of short duration, a direct proportional relationship was found within the 
range observed between dose and effect on the prostate and seminal vesicles 
(with an aj)parent lag however in the effect on the' seminal vesicles with the 
middle dose used). 

8. Normal male rat^. No “rejuvenating’' or other favourable effect on old 
male rats was seen with the doses used. 

9. Female rats. A description was given of the “female preputial glands", 
homologues of the preputial glands of the male rat. 

Id. OvariecUmnml female rats. The injection of large doses of diol caused 
a [)artial n*covf*ry of the atrophied uterus and vagina of o\ ariectomised females. 
This ('ftect was slight even with large doses of androst(‘rone. 

1 1 . Tht‘S(‘ injections also caused a hyjK*rtrophy of the female preputial glands 
to a wadght whi(*h was above th(^ normal for the respective age and in some rats the 
(h‘vidopmcnt of a “female prostat(3" from the rudimentary periurethral glands. 

1 2. Larg(‘ doses of diol depressed the appe^tite and gain in body weight, whilst 
with medium and small dosivs and with fat-soluble androsterone these were 
imj)roved. TIk^ inje(^tion of androsterone and of diol also increased the rate of 
involution of the thymus, deci eased the weight of the adrenals and (with large 
doses) of tlu' hypophysis and slightly increasc^d the w’^eights of the kidneys and 
liver, thus in general j)rodueiiig results similar to those obtained in castrated male 
rats. 

13. In ovariectomivsed female* rats injections of oestrone brought about a 
return tow^ards the normal weight of tlie atro])hied uterus and vagina, increased 
the spt*ed of involution of the thymus and decreased the deposition of fat and the 
gain in body weight, but seemed to have no effect on the wxdght of the adrenals. 
In most cases there was a slight decrease in the weights of the liver and kidneys. 

14. Simultaneous injections of oestrone and large doses of androsterone or 
diol showed a “co-operative recovery effect" on the weights of the uterus and 
vagina and to a smaller degree on the thymus, whilst there seemed to be a 
slightly antagonistic effect between the actions of oestrone and the male 
hormones on the adrenals. 

Grants fi-om the Medical Research Council and from the Lister Institute have 
enabled us to carry out this work and to them our thanks are due. We would also 
like to express our deep gratitude to Br A. Girard for kindly supplying us with 
oestrone. 
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Although gmit advances have been made in oiir knowledge of the chemistry 
of the carotenoi(i pigmiTits little is known concerning the physiology of their 
production or their role in living c(‘lls. Ingraham and JBaumaim [1934] reported 
that many bacteria were capable of synthesising carotene when grown on simple 
media in tht' dark. Since that time a more detailed study has been made of the 
production of carotene and associaU‘d pigments by one of these organisms. 
M. phlei was s<d(»eted because^ it grows well on a variety of synthetic media and 
because its chemical composition and pliysiological reactions have received more 
than ordinary atU^ntion. 

Many factors were found to affect the pigment content of 21. phlei. This made 
it advisable to deiine arbitrarily a set of standard conditions and then to compare 
the growth and pigmentation obtained in various experiments with tliose 
observed under these standard conditions. The medium used contained per 
litre of distilled water: asparagine^ glucose oO-Og., K^HPO^ l*Og., 

MgS 04 , TH,/) 1-0 g,, Na citrates 0*5 g., Fe citrate O-Oo g. Tt was bottled in 2o ml. 
amounts in (i oz. signet bottles which were then capped and autoclaved. Cultures 
of 5-day cells grown under standard conditions were used as the inoculum. The 
temperature of incubation was 37 ^ Our tirst observations were made on the gross 
pigmentation produced when the carbon source, the nitrogen source, the mineral 
salts, the temperature of incubation and a number of other factors were 
modified. In later studie.s we alst> concerned ourselves with the nature of the 
different pigments produced. 

The cells were collected on iilter-papor, washed with distilled water and dried 
in thin layers at 37'^ for 48 hourKS. This procedure did not result in any appreciable 
loss of pigments. The weighed dried cells were treated with hot 95% alcohol and 
the extracted pigments were then estimated quantitatively with a Lovibond 
tintometer. The hydrogen ion concentration of the medium was determined 
colorimetrioally. The Shaffer-Hartmann method was used in following the rate 
of utilisation of glucose. The nitrogen in the medium w as determined by the 
Kjeldahl method. lijrads were roughly estimated by weighing the ether-solublo 
portion of an absolute alcohol extract of dried cells. 

Growth under standard conditions has been quantitatively reproducible over 
a period of two years. Typical curves for the cell weight and total pigment 
production are given in Fig. 1 . The weight of cellular material increased rapidly 
to a maximum at 9 days and then autolytic processes set in. Pigmentation 

1 Published with the permission of the Director of the Wisconsin Agricultural Experiment 
Station. 
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increased during the growth period and continued to increase long after autol3d)ic 
processes had been initiated. Glucose was found to disappear from the medium 
at about the 9th day. At the end of f> days 95% of the asparagine-N had been 
absorbed by the cells. It was therefore not surprising to find that the increase 
in cell weight from the (ith to the 9th day was largely due to the production of 
lipoids which were quickly destroyed when the sugar was exhausted. 



GROWTH AND PIGMENTATION ON STANDARD 5% 
GLUCOSE MEDIUM 

rig. 1 . 




GROWTH AND PIGMENTATION ON 10% GLUCOSE 


Fig. 3. 



CELL WEIGHT Fig. 2. 

TOTAL PIGMENTS 



GROWTH AND PIGMENTATION ON 5 % GLUCOSE 
WITH 10 % ASPARAGINE 

Fig. 4. 


When yellow ceDs instead of white cells were used as the inocnilum the growth 
was again only slightly pigmented until the second and third weeks, and the 
question therefore arose as to whether the progressive yellowing was an invariable 
consequence of age. This was found not to be the case, for when cultures which 
had been stunted by lowering the concentration of glucose to 2 % were allowed 
to age, the cells remained white (Fig. 2). On the other hand when the glucose 
concentration was raised to 10% the old cells became very yellow (Fig, 3). In 
these experiments the pigment content of the cells varied dirt>otly with the 
amount of growth rather than with the age of th(i culture. However, when the 
amount of growth was varied independently of the concentration of sugar by 
changing the volume of medium used in each bottle, it was found that pigmenta- 
tion was not affected. Therefore the thickness of the p^Uicle and the amount of 
growth per bottle were not determining factors in the pigmentation of the 
organism. 

The possibilities existed that there was present in the fresh medium some 
substance iminical to pigment production which was removed as the cells grew, 
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or that some substance was produced by continued growth which stimulated 
pigment production. Evidence in favour of the former concept was obtained 
from an experiment in which cells were grown in a medium containing every 
constituent of the standard medium in double strength. With largo inocula 
excellent growth was secured but the maximum pigmentation per g. of cells 
remained slightly lower than on the standard medium and very much lower than 
in a control series in which only the concentration of the glucose had been 
doubled. The specific factors involved will bo discussed later. 

The substitution of glycerol for glucose in the standard medium brought 
about striking changes in the growth and pigmentation of Jf . phlei. The rate of 
growth (Fig. 5) was (;onsid(irably slower on glycerol than on glucose and the 

g- Y UNITS 
PERIOOml. PERlOOml. 



GROWTH AND PIGMENTATION ON 5% GLYCEROL 
Fig. 5. 

maximum cell weight per 100 ml. of medium was very much less. However, the 
ceDs grown on glycerol became yellow early in the growth period and their 
pigment content during the later stages was many times that obtained on 
glucose. This is particularly interesting in view of the close chemical relationship 
between glycerol and glucose as contrasted with the carotenoid pigments. There 
is a possibility that some glj^cerol may be formed as an intermediate in the 
breakdown of glucose, but unfortunately little is known concerning the steps in 
the utilisation of either of these compounds by ilf. phlet. That glycerol might 
servo as a precxirsor of the carotenoid pigments in one way or another was further 
indicated by the fact that additions of small amounts of glycerol to standard 
medium greatly increased the pigment content of the cells. 

The effects of a large number of carbon compounds were tested by adding them 
to standard glucose medium. Pigment production was not increased by the 
addition of 1 % of fructose, arabinose, xylose, sucrose, maltose, lactose, galactose, 
maaanitol, arabitol, inositol, erythritol, quercitol, persietol or starch. The sodium 
and ammonium s^ts of formic, acetic, propionic, butyric, oxalic, lactic, citric, 
caproic, stearic and sebasio acids yielded negative results. A number of miscel- 
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laneous compounds such as acetone, methylglyoxal, ethyl propionate, acetalde- 
hyde, aldol, allyl sulphate, j8-ionont>, phytol and a vitamin-A concentrate failed 
to stimulate pigmentation. On the other hand the alcohols, methyl, ethyl, 
w-propyl, n-butyl, i^fobutyl, / 2 -amyl and particularly isopropyl favour 
pigment production. Ethyleneglycol, propyleneglycol, trimethyleneglycol, 
tetramethyleneglycol and cyriohexane-1 : 3-diol when added to the medium in 
1 % amounts produced very yellow cells (Table I). 


Table 1. The effect of varicnis carbon compcmnds on growth and pigmentation 
when added in amounts to standard medium. 



Cell weight 

10 day cultures 

Pigmenta 

Clarbon compound 

g./lOO ml. 

Pa 

v/g* 

Glucose 

1-8 

7*0 

100 

Methyl alcohol 

Ethyl alcohol 

1*2 

7*0 

186 

It) 

7*0 

149 

ifiol^ropyl alcohol 

It) 

7*0 

508 

7?.-Butyl alcohol 

1*7 

7*0 

231 

i«oButyl alcohol 

1*3 

7-0 

158 

Amyl alcohol 

1*0 

7*0 

290 

Ethyleneglycol 

Trimethyleneglycol 

i*r> 

1*2 

7*0 

7*0 

720 

340 

Tetramet hy lenegly col 

1*2 

7-0 

820 

cyc/oHexanediol 

1*2 

7*0 

.344 

Ethyl propionate 

l*C 

70 

134 

Ammonium acetate 

0*7 

8*4 

14 

Ammonium lactate 

(»*9 

8-t) 

44 

Acetone 

0*9 

7*0 

124 

Sodium glycerophosphate 

1*0 

71 

205 

Glycerol jd'iiA NagUPO 

1*8 

7*2 

302 

Glycerol 

1*7 

70 

550 


The similarities and differences which exist l/etween the behaviour of M. 2 Mei 
towards acetic acid and towards ethyleneglycol were found to be particularly 
interesting. Neither of these 2-carbon atom compounds is capable of supporting 
growth when supplied as the sole source of carbon but both are utilised in the 
presence of glucose. Stephenson and Whetham [11^22] demonstrated that when 
acetates were addenl to a glucose medium there was an increase in the percentage 
of lipoids in the cells. However, as evidenced] by the data in Tabh* I and by 
additional experiments in which the hydrogen ion concentration was maintained 
around pjj 7*0, no increase in pigments was observed 'W"h<3n acf^tic acid was 
metabolised. In contrarSt to this is the marked increases in pigmentation observed 
in the presence of ethyleneglycol (Table II), The addition of this compound did 
not increase the yield of cells but as little as 0*2 % definitely stimulated pigment 
production. 


Table II. The, effect of ethyleneglycol on groivth and pigmerUaiion, 


Glucose g./lOO ml. Glycol g./lOO ml. 


1*0 

0*0 

1*0 

1*0 

5*0 

0*0 

5*0 

0*2 

5*0 

10 

5*0 

2*0 

5*0 

5*0 


Maximum 

Maximum 

cell weight 

pigmentation 

g./lOO ml. 

V/100 ml. 

0*41 

60 

0*41 

250 

1*66 

320 

1*42 

890 

1*45 

1920 

1*32 

3240 

1*09 

3280 


It is of course impossible to change one constituent of a medium without 
tending to modify a number of its properties. Thus when the source of carbon was 
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ohangQd it was frequently found that the medium became very alkaline with the 
growth of the organisms. The explanation was apparent when sodium salts of 
organic acids had been used. Alkalinity was also noted when the concentration 
of glucose or glycerol had been reduced, as well as during the early stages of 
growth on glycerol. In both of these cases the source of alkalinity was largely 
attributable to ammonia liberated from asparagine. These data lend a new 
interpretation to the results of such workers as Weinzirl and Knapton f 1927], who 
attached great significance to the fact that certain mycobactfjria turned a 1 % 
glucose medium alkaline wh(*>rcas a 6% glycerol medium remained acid. Their 
results undoubtedly depended \ipon concentrations used rather than upon 
differences in the end-products formed from the two compounds. The early rise 
in the hydrogen ion concentration on the glycerol medium indicated to us that 
the asparagine was attacked preferentially. Total nitrogen determinations 
showed that during this period considerable quantities of nitrogen were lost to the 
atmosphere and that this loss might account for the lower yields observed on this 
medium. By inoendating a glycerol medium very heavily it was possible to 
accelerate the rate of growth so that nitrogtm was rapidly tied up in the cells. 
Under these conditions it was observed tliat the yield was fully as great on 
glycerol as on glucose. 

Many other factors besides the source? of available carbon were found to affect 
the production of pigments by , phlei. The first to be considered was the 
source of nitrogen. When the conec‘ntration of asparagine in the standard medium 
was lowered from 0-6 to 0*1 or grow'th and pigmentation were checked as 

they had be(‘U when glucose wavS the limiting factor. Therefore the increased 
pigment produ<*tion observed with an excess of glucose could not have been duo 
to a changed C : N ratio. When tlie concentration of* asparagine was increased, 
the young grow th was similar to that obtained under standard conditions but the 
pigment content reached a maximum at an earlier period and was then rapidly 
lowered as antolysis proceeded (Fig. 4). A similar autolysis involving rapid loss 
of pigments was produced by adding asparagine to 15-day standard glucose 
cultures. Ammonium salts, urea, peptone, caseinogen and a number of other 
compounds were substituted for asparagine, but the type of compound which 
served as a source of nitrogen had little effect on pigmentation, provided that 
care was taken to maintain the hydrogen ion (concentration around neutrality. 

The concentration of potassium in the medium is of considerable importance. 
In the first subculture from standard medium to an ammonium phosphate- 
glucose medium without potassium or other salt additions, growth w^as very 
slight but the pigment content per g. of cells was remarkably high (Table III). 
The addition of magnesium sulphate increased growth without affecting the 
colour of the cells but when potassium was added as the phosphate, pigment 
production was greatly depressed. The absence of potassium when glycerol was 
used instead of glucose had no effect upon the pigment content of the ceUs which 
was already very high , These results suggested : first, that the constituent of the 
medium which had prevented the accumulation of pigments on standard 
glucose might have been potassium, and second, that possibly glycerol or a 
similar compound was produced as an intermediate in the utilisation of glucose 
when potassium was not present. 

The fact that pigmentation on glucose media was increased by lowering the 
concentration of potassium was confirmed in an experiment report^ in Table IV. 
The data also show that lowering the concentration of phosphate favours pig- 
ment production on glycerol as well as on glucose as is suggested by the last row 
of figures in Table 1. It will be seen from Table IV that lowering the concentra- 
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Table III. Orotdh and pigmentation on an ammonium phosphate medium 
mth additions of potassium^, magnesium sulphate and ferric citrate. 






Cell weight 
g./lOO ml. 

Hgmentation 


Constituents of medium 

g./lOO ml. 10 days 

Yjg. 10 days 

1. 

(NH4)£HP04 + Glucose 

0-21 

TvOJ 

0-06 

980 

2. 

„ 

„ MgS04,7H2G 

01 

009 

1080 

3. 


„ K^mH\ 

01 

0*24 

119 

4. 

>* 

„ MgS04,7H20 

K2HPO4 

6 6 

0*30 

202 

6. 


„ MgSO*, 7H2O 

0-1 


181 



K,HP04 

01 

0-27 



Pe citrate 

001 



t>. 

>» 

+ Glycerol 

50 

003 

1780 

7. 


„ MgSO*, 7H,0 

01 

0-05 

1550 

8. 


„ K£HP04 

01 

010 

1680 

9. 

»» 

„ MgS04, 711/) 

on 

009 

1400 



K.j{HP 04 

0*1 f 

10. 

o 

„ MgS04. 7H£0 

01 






01 

012 

885 



Fe citrat-c 

001 




Table IV^. The effect of the conce7itration of pot assit/m and of phosphate 
07L growth and pigmentation. 


K and PO4 

salts {M) 

Coll weight 

Pigmeiitation 

Reaction 

Glucose 

..A 

KaS04 

0-001 

(NH 4 ) 2 HP 04 

0-01 

g./lOO mi. 

v/g. 

Vn 

g./lOO ml. 

0-93 

2m 

6-2 

0-7 

0-01 

0-01 

0-84 

156 

6*1 

— 

0-1 

0-01 

l-Ol 

114 

6-4 

— 

K 8 HPO 4 

0-01 

(NH4)£S04 

0-001 

0-89 

117 

6-0 


0-01 

0-01 

0-90 

186 

6-7 

— 

001 

01 

0-99 

15ti 

6-2 

— 

K^HPOi 

0-001 

(NH 4 ),S 04 

0-01 

0-41 

274 

8-4 

2-3 

0-01 

0-01 

0-97 

222 

60 



0-1 

O-Ol 

1-62 

100 

6-8 

0-3 

KjSO* 

0-01 

(NH 4 )£HP 04 

0-(K)l 

0-41 

214 

8-4 

2-2 

001 

0-01 

0-87 

188 

6-0 

0-5 

0-01 

0-1 

0-99 

156 

6-9 

— 


tion of phosphate, but not that of potassium, interfered with glucolysis, whioh 
in turn resulted in the liberation of ammonia from asparagine and the production 
of alkalinity. Determinations of the oxygen uptake on these media showed that 
lowering the concentration of phosphate limited the oxygen uptake but that 
within the range investigated the concentration of potassium h^ no effect. 

The data in Table 111 indicate that increasing the concentration of iron 
decreased pigmentation. In Table V are given data which confirm this observa- 
tion. Although ferric salts in moderate concentrations led to better growth, 
particularly on glycerol, concentrations of 0-1 % ferric acetate definitely de- 
creased the pigment content of the ceils. Similar results were obtained with 
cupric salts. 
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Table V. The effect of additions of ferric citrate on growth and pigmentation 
in a 5 °/o glycerol medium inoculated heavily. 


Cell weight, g./lCK) ml. Pigmentation, Y/lOO ml. 

Ferric citrate , ^ , a 


g./lOO ml. 

8 days 

12 days 

21 days 

8 days 

12 days 

21 days 

0-000 

0*28 

0*08 

0*72 

240 

480 

620 

0-006 

0*72 

1*56 

1*48 

880 

1600 

1800 

0025 

0*60 

1*52 

1*80 

120 

1400 

2000 

0*100 

0*52 

1*28 

1*66 

140 

880 

536 

Table VI. The oxidising action of cells grown in the presence of ferric citrate. 




ml. of 0*00.5 JV thiosulphate 


ferric citrate 



— 

A - 




g./lOO ml. 

4 days 


8 days 

12 days 


0*000 

0*00 


0*00 

0-00 


0*005 

0*42 


0*00 

0*00 


0*025 

3*00 


2*59 

0*00 


0 

•100 

11*02 


11*08 

0*00 



The r61e of iron in the metabolism of M, phlei presents many problems. In 
Table VI are given data obtained by shaking washed cells in an acid solution of 
potassium iodide and titrating the liberated iodine with sodium thiosulphate. 
The oxidising agent, very possibly ferric ions, could be removed from the cell 
surface by washing with 95 % alcohol. At the end of 4 days there was no trace 
of such an agent in any of the media. Those cultures which had contained the 
higher concentrations of ferric citrate were acid in reaction. It is not impossible 
that the lower pigment values observed in the presence of ferric and cupric salts, 
which were also adsorbed on the cells, were due to direct oxidation of the 
pigments. 

A number of factors were studied which appeared to have no specific effect 
on pigmentation. These included ethylene gas^ and salts of sodium, lithium, 
calcium, magnesium, selenium,^ the oxidation-reduction potential, the light 
intensity and the temperature of incubation. The optimum reaction was found to 
be between pjj 64) and 7-0. When the was higher than 8*6 pigmentation was 
very poor in any medium. 

As yet little has been done by way of correlating pigment content with the 
presence of other substances in the cell, but a correlation has been noted between 
the pigment conttmt of the cells and catalase. Our studies have not been 
sufficiently exhaustive to establish this as an absolute parallelism but it is quite 
conceivable that an increase in catalase content might help to protect pigments 
from oxidation. 

So far we have no direct evidence as to whether the pigment content of the 
cells increases because the pigments are required in certain physiological pro- 
cesses, or because certain agents stimulate synthetic processes, or because 
processes of destruction are inliibited. Until facts of this character are known, 
it is difficult to draw conclusions as to the function of the carotenoids in bacterial 
metabolism.. 

A nalyais of pigments. 

The pigments of M, phlei have already been studied by Chargaff [1930; 
1933] who used the chromatographic technique. In 1930 he resolved the mixed 
pigments with calcium carbonate into three bands, one of which he identified as 
jS-oarotene. In 1933 he separated the pigments into carotenes, xanthophyUs and 

^ Agents which brings about a chlorotic condition in higher plants. 
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xantJiophyil esters, and put each fraction through columns of aluminium oxide. 
Four bands were revealed when the hydrocarbons were examined, but Chftrg&ff 
concluded from spectrophotometric data that three of them were due to 
carotene. Evidently he did not realise that spectrophotometric data do not 
differentiate between jS- carotene and kryptoxanthin, both of which we found 
upon repeating his work. From the xanthophyll esters he obtained a pigment 
similar to lutein and two bands which were not identified. 

In our experience the best method of revealing the pigments of M. phlei was 
to put a light petroleum solution of the mixed pigments through a magnesium 
oxide column, and then to wash the column tirst with 20 % ether in light petro- 
leum and then with chloroform. About a dozen bands could be revealed by this 
procedure. a-Carotene, jS-carotene, kryptoxanthin and esters of lutein, zea- 
xanthin and azafrin have been isolated and identified vspectrophotometricaUy. 
The identity of the remaining jjigments is being studied. 

It was possible to separate the carotenes, their monohydroxy -derivatives and 
the esters of lutein and zeaxanthin and azafrin from the oth<‘r pigments. 20 ml. 
of the original 95 % alcohol extract were pipettt^d into a small separating funnel 
to which 2*5 ml. of 5% KOH added. The mixture was extracted with light 
petroleum and the light petroleum fraction estimated quantitatively with a 
Lovibond tintometer. Chromatographic examination of this fraction (known as 
the PE-1 fraction) showed that it contained the carotenes, kryptoxanthin, a 
pigment which appeared to be the monohydroxy-dcrivative of a-carotene and 
esters of lutein, zeaxanthin and azafrin. The other pigments remained in the 
alkaline alcohol. In Fig. 6 are given the quantitative data obtained for the PE-1 


Y UNITS 
PER 100 ml. 



THE PE -I PIGMENT FRACTIONS ON STANDARD GLUCOSE 
AND 5% GLYCEROL 

Fig. 6. 

fractions from the cells used in Figs. 1 and 5. It will be seen that, although the 
values for the PE-1 fraction were high when total pigmentation was good, they 
were not high enough to account for more than half of the observed increase. 
Further, the PE-1 fraction reached a maximum at a much earlier point than did 
the remaining pigments. The percentage of pigments in the PE-1 fraction was 
estimated in all the experiments which have been reported in this paper, and in 
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general it was noted that whenever an agent such as glycol or potassium pro- 
duced a change in total pigments, there was a change in the same direction in the 
carotenoid fraction. The highest percentages of pigments in the PE-1 fraction 
were obtained on glucose media whore the absolute values wore relatively low. 
It is difficult to interpret these results without a knowledge of the identity of the 
remaining pigments. 

* When glycerol or glycols were added to a glucose medium there was a tre- 
mendous increase in one pigment which has not yet been identified. In many 
respects the behaviour of this comyKmnd resembles that of phthiocol, the pigment 
isolated from M, tuberculosis by Anderson and Newman [1933], It was yellow 
and ether-soluble in acid solution, but turned deep red and became water-soluble 
in alkaline solutions. In the chromatographic column it appeared above 
xanthophyll as a deep red line which turned purple when the column was washed 
with chloroform. In the presence of traces of water a blue colour was developed. 
When ferric salts were added to the medium the amount of this pigment was 
decreased. Quantitative estimates were made by measuring the red Lovibond 
units in the alkaline alcohol solution from w^hich the PE-1 fraction had been 
extracted. It was found that the absolute amount of this pigment increased 
long after cell autolysis had been initiated, suggesting that it was an end-product 
in metabolism. 

SrMMAHY. 

The effects of a number of factors on the gross pigmentation of J/. phlei have 
been studied. On a synthetic glucose-asparagine medium the pigment content 
of the cells was relatively low. As gro^dh proceeded the cells became increasingly 
yellow and this was found not to be due to their age or to the influence of the 
heavy pellicle. A similar increase in pigmentation was induced by lowering the 
concentration of xiotassium or phosphate ions in the medium. Increasing the 
concentration of ferric salt tended to prevent pigment formation. When glycerol 
was substituted for glucose pigmentation was greatly increased. The concentra- 
tion of potassium was without effect on pigmentation in the presence of glycerol, 
but phosphates and ferric or cupric salts decreased the colour of the cells. The 
addition of alcohols or glycols but not of sugars, sugar alcohols, acids or many 
other carbon compounds to the standard medium increased pigment production. 
An excess of asparagine in the medium led to rapid cell autolysis and destruction 
of the carotenoids. The substitution of ammonium salts, urea, peptones and 
other sources of nitrogen for asparagine had no effect upon pigmentation when 
the reaction of the medium was controlled. However, if the Pu was allowed to 
rise above S’O, the cells were never highly coloured. Ethylene and the salts of 
sodium, lithium, calcium, magnesium and selenium, the oxidation-reduction 
potential, the light intensity and the temperature of incubation were without 
specific effect upon pigmentation. 

In the absence of suitable sources of energy M. phlei attacked asparagine with 
the liberation of ammonia and the production of alkalinity. This was observed 
when the concentration of glucose or of phosphate limited glucolysis, or in the 
early stages of growth on glycerol. The absence of potassium checked growth 
but not the oxygen uptake of the cells or glucolysis. Cells grown in the presence 
of ferric or cupric salts were capable of oxidising potassium iodide to iodine. 

At least a dozen different pigment bands were observed when the pigments 
were resolved on a magnesium oxide column. Of these a-carotene, )S-carotene 
and kryptoxanthin were identified and the presence of esters of lutein, zeaxanthin 
and azafrin was established. A method was devised for separating this group of 
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known pigments and determining them quantitatively. They were found to vary 
directly with gross pigmentation but no dose parallelism was noted and their 
increase in the presence of glycerol etc. was never enough to account for the 
total increase in pigments. A pigment somewhat resembling phthioeol was 
largely responsible for the increased pigmentation observed in the presence of 
glycerol and the glycols. This pigment, as contrasted with the carotenoids which 
generally reached a maximum before the cells began to autolyse, appeared to be 
an end-product since it increased in absolute amount until the cells wore almost 
completely autolysed. 
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Although it was previously known from pharmacological experiments, quoted 
in our earlier pajRTS, that certain body fluids brought about the enzymic decom- 
position of small amounts of acetylcholine, the first demonstration of the 
existence of a specific enzyme which catalyses the hydrolysis of this ester, as wcdl 
as of other esters of choline, was that of Stedman et al. [1932] who termed the 
enz^^me in question choline-esterase. This demonstration depended primarily 
upon the discoverj^ that whereas purified preparations of certain known ester- 
hydrolysing enzymes, such as liver esterase and pancreatic lipase, were unable 
to accelerate the hydrolysis of estcTS of choline to an extent detectable by 
chemical means, blood serum from the horse readily eflected such an acceleration, 
a result which was so definite and of such a convincing nature that further work 
on the subject could hardly be other than of a corroborative kind. This has, in 
fact, prc»ved to be the case, ample corroboration of the original conclusions of 
Stedman et al. [1932] l^ing offered by the work of Sttnlman et al, [1933] and of 
Ammon [1934]. Nevertheless there remained some doubt as to the degi’ee of 
specificity of choline-esterase, for blood serum from the horse, which was usually 
employed as source of the enzyme in question, exhibited a pronounced enzymic 
activity towards other types of esters, in particular towards methyl butyrate, 
and it was therefore uncertain whether part of this activity might not be due to 
choline-esterase. Stedman et al, [1932], in their original work on this subject, had 
examined this problem to some extent. They succeeded in effecting a considerable 
purification of the enzyme and were able to show that, as purification proceeded, 
the activity of the preparation towards methyl butyrate diminished considerably 
relatively to its activity towards esters of choline. But they did not succeed in 
obtaining preparations which were completely devoid of activity towards simple 
esters, thus leaving open the possibility that choline-esterase might exhibit a 
small activity towards such esters. Further evidence on this point, depending 
upon a much more extensive purification of the enz^une, has now been obtained 
and is described in the present communication. 

PrelimiTiary purification of cholim-esterase. 

In the work here described blood serum from the horse has formed the source 
of choline-esterase, and it has been found necessary to submit this to a preliminary 
purification by fractional precipitation with ammonium sulphate. The experi- 
mental basis of this method of purification has already been described by 
Stedman et al, [1932]. In the course of the last three years, however, much 
experience has been gained in working up large volumes of serum and this baa 
enabled us to define with much greater precision than before the conditions 
necessary for the successful application of the method. By using the Sharpies 
^‘supercentrifuge which, in fact, appears to be practically indispensable for the 
process, large volumes of serum can be readily and successfully worked up. 

( 2563 ) 
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The procedure finally adopted is as follows. 250 g. of ammonium sulphate 
are dissolved in 1 litre of horse serum. The precipitate is removed and rejected, 
whilst the centrifugate is treated with further ammonium sulphate at the rate of 
15 g. per 100 ml. When this has dissolved, 0*5 N acetic acid is added slowly and 
with stirring, 78 ml. Ix^ing employed for the centrifugate from 1 litre of serum. 
The mixture is now allowed to stand for 2|-2 J hours, after which the precipitate, 
which contains the bulk of the enz^\ane, is centrifuged off and the enzyme eluted 
from it with 300-400 ml. of a solution containing 350 g. of ammonium sulphate 
in 1 litre of water. The eiuate is now separated and kept for a few hours or, if 
convenient, overnight. During this time a precipitate usually forms, in which 
case it is removed and rejected. The centrifugate from this last process is measured 
and treated with solid ammonium sulphate (5 g. per 100 ml.) and sufficient 
0*5 N acetic acid (about 5 ml.) to render it faintly acid to litmus. The enzyme 
separates with the precipitate. After about 30 min. the material is centrifuged, 
the solid dissolved in the smallest possible volume of water and the solution so 
obtained dialysed in collodion membranes against water saturated with chloro- 
form until free from ammonium sulphate, llie product, after removal of some 
protein which separates during dial 3 ^ 8 is, consists of about 50 ml. of a clear solution 
which varies, in different batches, from light to dark brown in colour according 
to the amount of haemoglobin contained in the serum from which it was pre- 
pared. Its choline-esterase activity is from 4 to 6 times that of the original serum, 
so that the yield of enzyme is approximately" 20 % . The activity of the prepara- 
tion can be conveniently'^ and accurately determined by the titration method of 
Stedman et al. [1933] using bromothymol blue as indicator and, preferably, 
butyrylcholine as substrate, since, of the choline esters so far examined, this 
ester is hydrolysed the most rapidly by choline-esterase. Having determined the 
activity of the preparation, the degree of purification effected can be readily 
ascertained by evaporating 1 ml. to dryness on a water-bath, weighing the solid 
residue and hence calculating the “weight numl)er’’ of the preparation. For the 
purposes of the present work we define the weight number of a preparation as 
the number of ml. of 0*02 N sodium hydroxide required to neutralise the butyric 
acid liberated at 30° from butyrylcholine in 20 min. at 7*4 by the choline- 
esterase associated with 1 g. of the solid material contained in the preparation, 
the actual titration being carried out under the conditions described in our 
earlier publications. For example, in an actual preparation the butyric acid 
liberated in 20 min. by 0-25 ml. of the final solution required 9*8 ml. of 0*02 N 
alkali for neutralisation, whilst 1 ml. of the solution yielded on evaporation 
0*078 g. of solid residue. The weight numlier of the preparation was thus 
9*8 X 4/0*078 = 503. The corresponding figure for the original serum cannot be 
determined accurately at ^ value of 100, which is a maximum figure, 

be assumed it is evident that the process has resulted in at least a 5- fold purifica- 
tion of the enzyme. This degree of purification is an average one. Occasionally it 
is somewhat smaller; at times much greater. Thus, final products have been 
obtained with weight numbers ranging from about 3()0 to 1500. Preparations of 
this type retain their activity for months if stored in a refrigerator but deteriorate 
moderately rapidly if kept at room temperature. 

Certain details of the above process are susceptible of considerable modifica- 
tion without significantly influencing the final result. Thus, it appears to be 
immaterial whether the first precipitation is made with 250 or 200 g. of ammonium 
sulphate per litre of serum, provided, in the latter case, that the second precipita- 
tion is made with 20 g. of ammonium sulphate per 100 mi. of centrifugate. On 
the other hand, much care must be exercised with respect to the acidification at 
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the second stage. It is, in fact, upon this process that the success of the operation 
mainly depends. The use of too high a concentration of acid leads to a diminution 
both in the yield and the purity of the product, whilst with too low a concentration 
the degree of purification is small. The time factor is of equal, if not greater, 
importance. If the acidified material is worked up after too short an interval of 
time, little purification is achieved; with too great an interval, the yield is 
curtailed and the purity diminished. We interpret these results as indicating 
that the function of the acetic acid is to denature part of the protein and so 
render it insoluble in the ammonium sulphate solution used for the elution of the 
enzyme. Such denaturation must be as extensive as possible, provided it is not 
pushed lH>yond the limits at which sufficient soluble protein remains to act as a 
carrier for the enzyme. 

Purification of choline-esterase by adsorption. 

Attempts to adsorb the enzyme directly from serum completely failed, as is 
illustrated by the following experiment. About 30 ml. of serum were shaken 
with fuller's earth and centrifuged. The centrifugate (27 ml.) was made distinctly 
acid to litmus by the addition of 1*2 ml. of 0*5 iV acetic acid, shaken with 1 g. of 
kaolin and again centrifuged. The new centrifugate (23 ml.) was then treated 
with 4 ml. of a suspension of aluminium hydroxide and the latter removed. At 
each stage a determination was made of the weight number of the centrifugate, 
the titration being made at 8*0, with the following results: serum, 61*5; after 
fuller’s earth, 73d; after kaolin, 81‘5; after alumina, 85*2. The corresponding 
titration figures were 6-5, 7-35, 7d and 6'05 ml. respectively. In no case was any 
enzyme removed by the adsorbent, the diminution in the titration figure for the 
last c(uitrifugate being accounted for by the dilution caused by the addition of 
the suspension of alumina. A small but steady’' increase in purity occurred, how- 
ev^er, at each stage. That produced by the fuller's earth was evidently partly due 
to the removal of inactive material and partly to the removal of an inhibitor, 
whilst that caused by the kaolin and alumina was due solely to the former process. 
The effect of fuller’s earth in increasing the activity of serum has also occasionally 
been observed with preparations made by the process described in the preceding 
section, but the effect is not a constant one with such preparations. 

In view of the foregoing results subsequent adsorption experiments have 
been made with purified preparations of the enzyme. These have resulted in the 
demonstration that choline-esterase can be removed from such solutions by 
alumina provided they have first been rendered distinctly acid to litmus by the 
addition of acetic acid. Kaolin, however, is ineffective either in alkaline or acid 
solution. Removal of the enzyme from the alumina adsorbate can be effected 
either by treatment with 0*025 N ammonia or with phosphate buffer of 8*0. 
The former eluent sometimes fails, particularly when adsorption has been made 
from a preparation which has already been purified by adsorption, but the 
phosphate buffer is always effective if used in sufficient quantity and high enough 
concentration. One disadvantage of the latter eluent is that the activity of the 
eluate cannot be measured until the phosphate has been removed by dialysis, 
for, in the concentration which it is necessary to employ, it exerts a pronounced 
inhibitory action on choUne-estorase. Purification by these means is illustrated 
by the following example. 

50 ml. of a preparation of choline-esterase of weight number 450 ware made 
acid by the addition of 6 drops (0*3 ml.) of 0*5 N acetic acid, 6 ml. of a sinpension 
of aluminium hydroxide were then added slowly, with continuous shaking, and 
the mixture was centrifuged. Previous experience enable 1 us to judge from 
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the colour of the centrifugate that adsorption of the enzyme was incomplete. It 
was therefore similarly treated with 5 ml. of a suspension of ferric hydroxide and 
again centrifuged. Adsorption was still obviously incomplete. The centrifugate 
was therefore mixed with a further 5 ml. of alumina, after which 0*26 ml. of the 
centrifugate gave a titration figure of 1*6 ml. as compared with 8*2 ml. for the 
original preparation. A final adsorption with 10 ml. of the alumina suspension 
was therefore carried out. The centrifugate, which now measured 75 ml., still 
contained some enzyme as shown by the titration figure, using 0*25 ml. of the 
centrifugate, of 0*85 ml. in 20 min. : this represented about 15% of the enzyme 
present in the original preparation. 

The various alumina adsorbates were united and washed with an equal volume 
of water. They were then sthred with 20 ml. of 0*025 N ammonia, allowed to 
stand for 1 hour, and centrifuged. The feiTic hydroxide adsorbate was similarly 
eluted with 5 ml, of the ammonia solution. Both eluates were active and of 
similar degrees of purity, as shown by the following quantitative data: alumina 
eluate, weight number 1833, titration figure for 0*25 ml. 5*5 ml. ; ferric hydroxide 
eluate, weight number 1766, titration figure 3*0 ml. From this one experiment 
ferric hydroxide appears to be as efficient an adsorbent for choline-esterase as is 
aluminium hydroxide, but it nevertheless ofi'ers no advantage over the latter and 
has therefore not been used in further 'work. 

The eluate from the alumina adsorbate was acidified and the enzyme again 
adsorbed on alumina, 8 ml. of the suspension being required. Elution from the 
washed adsorbate was effected with 10 ml. of M/S phosphate buffer of pjj 8*0. 
After dialysis, the preparation had a weight number of 3098, 0*25 ml. giving a 
titration of 6*35 ml. A final adsorption was now made with 4 ml. of alumina, 
this effecting the complete removal of the enzyme from the last eluate. In this 
instance the adsorbate was washed with a few ml. of 0*025 N ammonia and then 
eluted with 10 ml. of phosphate buffer. The ammonia washings were, however, 
found to be active, 0*25 ml. giving a titration figure of 5*75 ml. whilst the weight 
number proved to be 4423. The dialysed phosphate eluate had a weight number 
of 3083 (titration : 0*5 ml. required 3*7 ml. alkali) and thus showed no improve- 
ment as regards purity over the solution from which it was prepared. 

The foregoing example is not the most successful purification by adsorption 
which we have canied out, but it has been quoted because it best illustrates the 
various processes involved. Whilst it must be emphasised that, in applying the 
adsorption method to choline-esterase, the efficiency of the method must be 
checked at each stage, it might here be pointed out that the best results are 
usually obtained by adsorbing the enzyme on alumina, eluting it with ammonia, 
and repeating these processes until the latter eluent is ineffective. Elution can 
then be made with phosphate. In one instance this procedure was exceedingly 
effective, the ammonia eluate from the first adsorption having a weight numbw 
of 2267 as compared with 675 for the original preparation. A second adsorption 
gave an adsorbate from which the enzyme could no longer be eluted with am- 
monia, but, using phosphate, a product was readily obtained with a weight 
number of 5647. 

Specificity of choline-esterase. 

Many specimens of choline-esterase purified by adsorption have been 
examined for possible activity towards naethyl butyrate, but in no case has such 
activity been detected. Thus, using 0*26 ml. of a preparation of weight number 
3098 with 0*25 ml. of methyl butyrate dissolved in 100 ml. of water at 30® as 
substrate, 0*25 ml. of 0*02 N alkali was required to maintain the p^ of the solu- 
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tion at 74 for 20 min. ; the same volume of alkali was required in a blank experi- 
ment without enzyme. On the other hand, with butyrylcholine as substrate 
under the usual conditions 6*35 ml. of alkali were required. Similar results were 
obtained with the preparation, mentioned above, of weight number 5647. It 
must be concluded that choline-esterase has no significant action on methyl 
butyrate. 

Summary. 

Choline-esterase cannot l)e adsorbed directly from blood serum from the 
horse by adsorbents such as aluminium hydroxide, but by submitting the enz 3 rme 
to a preliminary purification by a process which consists essentially of fractional 
precipitation with ammonium sulphate combined with partial denaturation of 
the serum proteins by means of acetic acid, preparations can be obtained which 
are susceptible of further purification by adsorption. Among the adsorbents 
examined, aluminium and ferric hydroxides wore found to take up the enzyme 
from acid, but not from neutral oi* faintly alkaline, solutions. Kaolin is totally 
ineffectiv(^. Elution from the adsorbates can usually be made with 0*025 iV' 
ammonia. As purification proceeds, however, this eluent ceases to be effective. 
Elution can then Iw? carried out with Mj'i phosphate buffer of jpg 8*0. 

Prei)arations of choline-esterase the purity of which is from 50 to 100 times 
that of serum have been made by the above methods. Such preparations have 
no detec^table activity towards methyl butyrate. 

The expenses of this in\'estigation have been partly met by grants from the 
Earl of Moray Research Fund of Edinburgh University. 
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Linderstr0m>Lang and Holter [1931] have described a micro-technique of 
great beauty, which they have used, amongst other things, for the estimation 
of reducing sugars [1933]. With the help of this technique, the Pfliiger [1904] 
method for the quantitative precipitation of glycogen was adapted to the 
estimation of small amounts of this substances. A number of difficulties were met 
with, and the experimental procedure is given below in some detail, as it was 
found that slight alterations in the method might cause considerable errors. 

Until a short time ago it was maintained by histologists [e.g, Woerdemann, 
1933] that whereas the neural plate of the amphibian gastrula was rich in 
glycogen, the mesoderm, which is formed by invagination of the neural plate 
ectoderm, contained almost none. It has been suggested by Pasteels [1935], 
however, that the mesoderm does in fact contain glycogen, but that it is washed 
out of the cells during the fixing process. This suggestion is supported by 
Pasteels by experimental evidence which is shortly to be published. 

When the method for the micro-estimation of glycogen had been satis- 
factorily worked out, direct chemical measurements were made of the glycogen 
contents of various regions of the gastrula, which were isolated by dissection. 

I. Micro-estimation of glycogen. 

Principle. The tissue is weighed out into glass tubes measuring 5 x 120 mm. 
and digested by heating with potassium hy^oxide. The glycogen is then pre- 
cipitated by adding alcohol, and flocculated by heating to boiling-point [Good 
et ah, 1933]. It is then centrifuged down and washed twice with absolute alcohol, 
after which it is hydrolysed with acid, which is subsequently neutralised; the 
reducing sugar formed is then estimated by the method of Linderstrom-Lamr 
and Holter [1933]. ^ 

Experimental procedure. 1. About 35^1. of 30% potassium hydroxide are 
measured into the small tube, which is stored in a COg-free atmosphere till the 
tissue has been weighed out. 

2. The tissue is added and the tube is capped. 

3. The tube is heated in a steam-bath for 20 min. 

4. With the same pipette which has been used for measuring out the potash, 
of water and then 105p.l. of absolute alcohol are added. (Unless the 

alkaline solution is diluted before adding the alcohol, two layers are formed 
which will not mix.) 

5. The contents of the tube are thoroughly mixed by rotating and at the 
same time stirring with a fine platinum wire. 

( 2568 ) 
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6. The tube is immersed in the steam-bath for a few seconds to flocculate 
the glycogen, care being taken that it is removed before the contents spurt out. 

7. The tube is centrifuged at 3500 r.p.m. for 15 min. 

8. The clear centrifugate is removed and discarded by inverting the tube 
and drawing it off by means of a fine pipette. 

9. The residue is washed by discharging about 100 fil. of absolute alcohol 
from a fine pipette on to the solid at the bottom of the tube. 

10. The tube is centrifuged at 35(X) r.p.m. for 5 min., and the centrifugate is 
removed as before, 

11. The washing process is repeated once more. 

12. After the final washing, tiie centrifugate is discarded, and the last traces 
of alcohol are removed from the residue by placing the tube in the steam -bath 
for a few minutes. 

13. About 35 /xl. of 0*6 A hydrochloric acid are then added in such a way 
that the deposit adhering to the upper parts of the tube is washed down. (This 
opt^ration requires considerable care if it is to be effective, on account of the 
small volume of fluid used.) 

14. A small cube of paraffin wax, weighing 20-30 mg., is added, and the tube 
is placed in the steam -bath for hours. 

15. After the hvdi*olysis, the tube is removed and whilst still hot is inverted 
and rotated so that an even coating of wax is spread over the upper parts of the 
tub(\ 

16. A stirrer, consisting of a small glass sphere filled with iron filings, is 
add(Ml, and th(' thin film of wax on the actual ’surface of the hydrolysate is broken 
by rotating the tube whilst it is held against an electromagnet. 

17. A micro-drop of 04)5% aqueous thymol blue is added and the contents 
are titrated agaiiivst A NaOH till a bluish gi*ey colour is obtained. A NaOH is 
used in order to keep the volume as small as possible, and the end-point is often 
overshot ; this is easily adjusted, however, b}^ adding dilute (0-1 A') hydrochloric 
acid from a finely drawn out capillary. When the tubes have been neutralised 
they are kept in a COg-free atmosphere. 

Blanks art? set up by taking 35 /xl. of 0*6 A HCl, adding a drop of thymol 
blue, neutralising and adding 50 /xl. of buffer before adding the iodine; the 
films of sulphuric acid and starch are formed as usual. (For details of the 
sugar estimation reference must be made to Linderstrom-Lang and Holter 
[1933].) 

Accuracy of the meihod. This was tested by a number of experiments, of which 
the following are typical. 


15/xl. of approximately 1*0% glycogen solution were accurately measured into the bottom of 
each of six tubes. The glycogen in three of them was hydrolysed directly, whereas the remaining 
tubes were heated for 20 min. with 30% potash, and the glycogen was precipitated in the manner 
described above before being hydrolysed. The sugar was then estimated in all tubes, the following 
thiosulphate titrations being obtained: 


Hydrolysed at once 


Hydrolysed after precipitation 


Vol. of thiosul- 
phates reducing 
Titration sugar 


Vol. of thiosul- 
phate s reducing 
Titration sugar 


12*90 

12*80 

12*90 


29*50 

29*00 

29*50 


13*25 

13*30 

1326 


29*15 

29*10 

2915 


Mean blank value 42*40. 
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Thus there is a small loss of glycogen during the precipitation. It remained 
to determine in what way this loss is related to the total amount of glycogen 
present. 

This was done by taking samples of equal volumes of different glycogen 
solutions of known relative concentration and estimating the glycogen in them 
by this method. The following results are typical : 



Cone, of 


Vol. of thio8ul> 

Sample 

glycogen 

Titration 

phate» reducing 

0/ 

/o 

sugar 

1 

1-00 

11-70 

29-90 

2 

1-00 

11-35 

30-26 

3 

0-20 

35-40 

6-20 

4 

0*20 

36-35 

6-25 

6 

010 

38-20 

3-40 

6 

010 

38-50 

3-10 

7 

005 

39*75 

1-85 

8 

005 

39-85 

1*76 


Moan blank value 41-60. 


These results have been plotted in Fig. 1. 

It will be seen that the points lie on a straight line which does not quite pass 
through the origin. The fact that the points lie on a straight line shows that the 
amount of glycogen lost during the precipitation is a constant percentage of the 



fil. oi O O.'iiV thioBulphalo = reducing sugar 


Fig. 1. 

total amount present; the fact that the line docs not pass through the zero of 
abscissae suggests that the blank value is too high, but only by about 0-4/tl. 
A correction is, of course, made for this. 

The maximum error which has been observed in a series of parallel esti- 
mations is ±0-3/xl. of 0-06 iV thiosulphate. Now 2-Ofil. of Q-05N thiosulphate 
are equivalent to approximately O-Ol mg. of glycogen. Therefore there should 
be a maximum error of less than + 2 y of glycogen. 

The loss of about 1-6% incurred during the precipitation does not affect 
the results, since it has been found most convenient to standardise the reagents 
by means of a control estimation of a solution of glycogen of known strength. 

Whether the same degree of accuracy may be expected when working with 
tissues instead of with solutions of pure, glycogen is a point which cannot be 
tested, since no glycogen-containing tissues are available which are sufficiently 
homogeneous for this purpose. 
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II. Distribution of glycogen in the regions of the amjphibian gastrula, 

j A preliminary experiment was performed with the gastrula of the axolotl, 
but the remaining work was done on Triton alpestris. Each gastrula was divided 
jinto the following regions : 

! 1. Neural plate ectoderm. 

! 2. Ventral ectoderm. ' 

3. Mesoderm. 

I 4. Endoderm. 

[ The embryos were all in the “late gastrula” stage, though some were 
definitely more advanced than others. 

Treatment of tissue. With such small quantities as were used, it was quite 
;|f)ut of the question to determine the wet weight of the tissue. On the other 
j|hand, care had to be taken that during the drying of the tissue (preparatory 
^to obtaining its dry weight) no glycogen was broken down. The material 
^equivalent to two or three embryos was used for each determination, and as 
each piece was dissect/ed out it was droppt^d into absolute alcohol, a procedure 
calculated to stop effectively all enzyme action. When enough had been col- 
lected, the material was placed in a punt-sha|>ed vessel of platinum and dried 
for 2 hours at 100'^ in a gentle stream of dry air. When cool, the punt was weighed 
on a micro- balance; some of the material was then removed, after which the 
punt was r(‘weighed. Th(^ dried tissue was more or less compact, and did not 
a.dhere at all to the vessel in which it had been dried. The most satisfactory way 
of transferring the tissue to the glass tube is to touch it with a needle which has 
been dipped in vaseline and wiped almost clean, and then to detacli it from the 
iiecflle into the tube with a gentle tap. 

The assumption has been made that from the time of excision of the tissue 
none of its glycogen has been lost. The absolute alcohol would fix the material 
practically instantaneously, and as it would have acet^ss to both sides of the 
tissue it is unlikely that theu’e would bf* any appreciable loss of glycogen. 

A more serious source of error lies in the fact that a certain amount of material 
will be dissolved from the tissues by the absolute alcohol, and thus give a low value 
for the diy weight of the material. It is probable that there v^ill be more loss from 
the tissues of some regions than from others, due to the greater amount of alcohol- 
soluble substances. The exact loss could easily have l)een determined if sufficient 
material had bee^u available. 



Neural 

plate ectoderm 

A 

Table I. 

Ventral 

ectoderm 



Mesoderm 
\ 

Endoderm 

_ A 


Wt. of 
tissue 

Glycogen 

% 

Wt. of 
tiBsao 

Glycogen 

Wt. of 
tissue 

, — ^ 

Glycogen 

Wt. of 
tissue 

— \ 

Glycogen 



mg. 

/O 

mg. 

/o 

mg. 

% 

Axolotl 

M3 

17*1 

— 

— 

M6 

IM 

— 

— 


1-34 

16*0 

— 

— 

Ml 

11*0 

— 

— 


1*26 

16*0 

— 

— 

— 

— 

— 

— 

Triton eUpe^tris 1 

0-4^1 

19*7 

— 

— 

0*54 

12*4 

0*93 

8*8 

2 

— 

— 

— 

— 

0*32 

16*1 

1*00 

8*0 

3 

0*40 

18*6 

0*76 

15-8 

0*36 

10*1 

1*80 

6*5 


0*30 

19d 

0*65 

16*0 

0*48 

8*8 

— 

— 

4 

0*76 

17*5 

0*59 

15*1 

0*67 

10*9 

M5 

6*5 


— 

— 

— 

— 

0-64 

9*3 

— 

— 

5 

0*33 

23*6 

0*79 

16*5 

— 

— 

1*34 

7*2 

6 

— 

— 

0*78 

14*7 

0*36 

13*2 

1*33 

6*9 
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Results, These are given in Table I. There is a considerable scatter, due, 
partly, no doubt, to biological variation, but mainly to the extremely unfortunate 
fact that the indicator used for neutralisation after hydrolysis contained a 
small amount of alcohol, which reacted to some extent with the iodine to form 
iodoform. As the reagents were standardised against a glycogen solution of 
known strength, the error would be small, except in cases where the amount of 
tissue taken was smaller than usual: here a high value would be found. Sub- 
sequent experiments with this particular indicator showed that the error could 
not be greater than 10 % , though it was too erratic for a correction to be applied. 
It is emphasised, therefore, that the results as they stand are slightly too high. 

DIkSCUSSION. 

The results described above lend direct support to the view that the meso- 
derm of the amphibian gastrula contains a certain amount of glycogen. It is 
clear, on the other hand, that during invagination through the dorsal lip of the 
blastopore there is a distinct loss of glycogen, since the mesodenmal roof of the 
archenteron contains less than the uninvaginatcd dorsal ectoderm (presumptive 
neural plate). The significance of this for our knowledge of the metabolism of the 
organisation centre and the liberation of the evocator may be considerable. A 
discussion of this aspect of the problem will be found in the paper of Waddington 
el al, [1935]. 

Summary. 

1. A method is described for the estimation of glycogen in amounts of tissue 
of the order of 1 mg. ; the probable error is less than ± 2y of glycogen. 

2. The amounts of glycogen in the various morphologically distinct regions 
of the amphibian embryo during gastrulation have been estimated. The dorsal 
ectoderm has most, the yolk endoderm least and the ventral ectoderm occupies 
an intermediate position. During invagination, and hence during the liberation 
of the evocator, there is a diminution of about 35% of the glycogen in the 
invaginating cell layers. 

The author is much indebted to Mr C. H. Waddington and to Frl. J. Kriebel, 
who performed the isolations of the embryonic regions. This work was carried 
out during the tenure of a grant from the Department of Scientific and Industrial 
Research. 
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Lippich [1906; 1914] and Dakin [1918] demonstrated the usefulness of the 
carbamido-acids and hj^dantoins for the identification of the corresponding 
a-amino-acids and Dakin [1918; 1920] elaborated methods for the isolation of 
prolim* and hydroxyproline, in the form of their hydantoins, from mixtures of 
amino-acids. More rec^ently Boyd [1933] showed that the carbamido-compounds 
could be utilised for isolating in (excellent yield certain a-ainino-acids from 
pro t(‘in h y f 1 rol y sates . 

Reference to the literature, liowever, shows that whilst our knowledge of the 
carbamido-acids and hydantoins derived from the mono- and di-carboxylic 
a-amino-acids is fairly <*oinplete, that re^garding the corresponding derivatives 
of the basic a-amino-acids is very limited. Apart from 5-8-earbamidobutyl- 
hydantoin and 5-8-aminobutylliydautoin, recentlj^ shown by Hoppe-Seyler 
[1933] to be derivatives of lysine, and citrullinc, claimed by Wada [1930] to be 
a-amino-S-carbaTnidovalerie acid, only the phenylearbamido- and phenylliydan- 
toin derivatives of ornithine [Herzoy, 1902; Sorensen, 1903; 1905] and of lysine 
[Herzoy, 1902] are known. 

It appeared to us of interest therefore to attempt the preparation of the 
carbamido-acid and hydantoin derivt^d from arginine, a quantity of which w^e 
posbes8(*d in the form of its monohydrochloride. 

When an aqu<*ous solution of arginine monohydrochloride w^as heated with 
potassium cyanate on the water-bath for about an hour and then allowed to 
cool, a heavy crystalline mass gradually separated. The mother-liquor was 
alkaline to litmus and our first impression was that this was due to the hydrolysis 
of the excess of cyanate employed. The crystals which had separated were col- 
lected, washed several times with small quantities of distilled water and finally 
recrystallised from hot water. 

A cold saturatc^d aqueous solution of the new compound, which possesses in 
a marked degree the property of forming supersaturated solutions, was definitely 
alkaline to litmus, its being in the region of 11. Moreover, it did not appear 
to be more soluble in cold aqueous sodium hydroxide than in cold water, nor 
was carbon dioxide evolved when its hot aqueous solution was treated with 
sodium carbonate. The apparent inactivity of the carboxyl group of the original 
arginine molecule has led us to regard the formula of the new carbamide com- 
pound as 

\ -f _ \ ( 1 

.CNHaCHaCHaCHiCHCOO or DNHCHjCHjCHaCHCO 

^ \ XI 

NH NHCONHj NH NHCONH, 

Biochem. 1935 xxtx ( 2673 ) 104 
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Of the two formulae, the former is more probably the correct one in view of the 
fact that the compound is stable in hot aqueous solution whilst triacetylarginine, 
shown by Bergmann and Koster ( 1026J to have a piperidone nucleus, is decom- 
posed, even by cold water, into acetylurea and acetylorni thine. 

The carbamido-compound is naturally very soluble in dilute mineral acids* 
On evaporating a solution of the compound in hydrochloric acid on the steam- 
bath to small bulk, there separated on standing for several days large prismatic 
crystals consisting of arginine hydantoin hydrochloride. Recrystallisation of 
the hydantoin may be eflfected either by dissolving it in a small bulk of hot 
concentrated hydrochloric acid and allowing the solution to cool, or by addition 
of alcohol to a highly concentrated aqueous solution. Analyses of the product 
so obtained indicate that it contains one molecule of water of crystallisation, 
which it loses slowly on heating at 

Picturing the structure of the hydantoin thus derived from arginine as 

NH, 

\ 

.CNHCH jCHjCHjCH CO 

X * * »i I 

NH NH~-CO— NK 

it may be regarded as tlu' mother substance of a-8-bisguanidino-n- valeric acid 
anhydride 

NH^ 

\ 

^CNHCH,CHjCH,CH— CO 

NH^ iIh 

NH=C NH 

synthesised by Zervas and Bergmann [1928] and shown by them to agree in 
every respect with the so-called arginylarginine originally obtained by Fischer 
and Suzuki [1905] by treating arginine methyl ester with a concentrated solution 
of hydrogen chloride in methyl alcohol. 


Expehimbntal, 

Carbamido-arginine, Arginine monohydrochloride (10 g.==l mol.), prepared 
from gelatin by the method of Cox [1928] was dissolved in water (80 ml.) and 
to the solution was added solid potassium cyanatc (10 g.=:l*26 mol.) with 
shaking. The mixture was heated on a w ater-bath for 1 hour and was then set 
aside to cool overnight. Next morning a heavy crystalline precipitate of the 
carbamido-acid had separated. The crystals were collected at the pump and 
recrystallised from the minimum amount of boiling water. The product weighed 
1^*7 g* (84% of theory) and melted at 172°. Dried at 110° in vqkmo^ it gave on 
analysis N, 32*0 % . C7H15O3N5 requires N, 32*2 % . 

Arginim. hydantoin. 5 g. of carbamido-arginine as prepared above were 
dissolved in 20 ml. of hydrochloric acid (2N) and the solution placed on the 
boiling wat(5r-bath and evaporated to a thick syrup. The syrup was set aside and 
after some 6 days large flat prisms gradually separated. These were collected 
and recrystallised by dissolving them either in (i) a few ml. of hydrochloric acid 
and evaporating the solution almost to dryness, after which crystallisation slowly 
occurred on standing, or (ii) a few ml. of water and evaporating the solution almost 
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to dryness; on the addition of a large excess of alcohol, the hydrochloride 
separated as an aggregate of tiny prisms. The yield was almost quantitative- 
The product melted sharply at 100°. When dried at 60° for a week, it gave on 
analysis N, 29*2; Cl, 16*2%. C 7 H 14 O 2 N 5 CI requires N, 29*7; Cl, 16*1 %. 
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Recent work on the sedimentation of haemocyanin in the ultracentrifuge has 
been reviewed by Svedberg [1933], who has given the value 5,10(),(XK) for the 
molecular weight of the haemocyanin of the snail. A bri(*f tiote on the possibility 
of demonstrating the existence* of vcTy large molecules by osmotic methods has 
been published by Adair et al. [1934]. 

The present communication records a method for che preparation of the 
hacmocyanins, which eliminates certain impxiriti(*s, and data of the osmotic 
pressures of blood (or haemolymph), once crystallised and thrice crystallised 
haemocyanina, using material obtained from the snail (Helix pamatia), the crab 
(Carcinus moenas) and the octopus (Octopus vulgaris). In adclition, a method is 
descTibcd for studying the distribution of proteins in a gravitational field. This 
method differs from those used by previous workers for large colloidal particles 
in a gravitational field or for the proteins in centrifugal fields, in that two phases 
are equilibrated in a gravitational field by means of a semiperm cable membrane. 
The thermodynamical treatment of such equilibria has l)een given by Adair 
[1936]. 

1. Preparation of haemocyanin. 

The comparison of a number of preparations of haemocyanin is of interest, 
for it is possible that the average size of the particle might depend on the pro- 
cedure adopted for separating the protein from impurities. In this work, the 
following preparations have been examined. 

(а) Blood, dialysed against a mixture of salts calculated from the analyses 
of snail’s blood [Arvanitaki and Cardot, 1932J, or against the ilf/16 phosphate 
mixtures used for the preparations 2 and 3. 

(б) Once crystallised haemocyanin. The hacmocyanins of the snail, the crab 
and the octopus have been prepared by prolonged dialysis of the bloods at 0® 
against distilled water. It has been laiown since the publication of Dh4r6’8 
researches [Dhere, 1908; Dh6r6 and Burdel, 1914] that on dialysis of the blood of 
Helix pomatia, crystalline haemocyanin is dejxosited after a period varying from 
a few weeks to two months. Although the hacmocyanins are globulins, precipi- 
tating at the isoelectric point, many authors have stated that with the blood of 
certain animals, including Limulus, no precipitation or crystallisation is obtained 
on dialysis. In this work it has been observed that even with animals such as 
Limulus, the protein is deposited in an amorphous or a crystalline state, accord- 
ing to the rapidity with which diffusible ions are eliminated, although in certain 
cases it may be necessary to continue dialysis for at least two months. 

The vessels used for dialysis were made of sparingly soluble glass. In some 
experiments, the time required for the formation of a precipitate was reduced by 

{ 2576 ) 
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^the addition of a trace of potassium hydrogen phosphate or of an isoelectric 
f acetate buffer solution to the water used for dialysis. 

Each prej)aration of octopus haf?mocyanin was made from the blood obtained 
by the vascular puncture of about 5 animals. Tn the cases of Helix and CarcAnns 
. several hundred animals were required. The blood of Helix was obtained by 
cardiac puncture; it may b(^ noted that the majority of the preparations used 
; were made in the winter months. The blood of Carcinus was obtaiia^d by punc- 
ture of th(j articulations. 

In all cases, the blood was dialysed against distilled water, changed twice 
daily, for about 8 days. As a general rule, a whitish d(‘posit of protein was 
obtained after about a week’s dialysis. It was found that this deposit contains 
only trac<\s of cop}x?r, and it is the^refore not haemocyanin. In prejiarations from 
the blood of (Tustaceans, this precipitate contains the orange carotenoid astacin 
(tetr‘onerythi'in), which is sometimes present in quantity. 

I When the finst deposit of protein and other impurities was obtained, the 
supernatant mat(‘r’ial w^as transfiTred to a new membrane and dialysis was con- 
tinued. An additional preeijiitation of impurities sometimes took place, in which 
case the matcraal was again transferr(*d to anotluT membrane. The solution was 
not considered to contain pure haiunocyanin unless it remained absolutely 
limpid for at least 8 days. At the <*nd of 3 to 10 weeks, the pigment deposited in 
the crystalline state? in the case of Helix, and in crystals mixed with amorphous 
matter in the ease of Ociopns and of ('arclnufi. In a few experiments instead of 
waiting for spontaneous crystallisation, the y)rotem w^as brought to the iso- 
electrie yioint l) v the addition of A’ /4() H(d, drop by drop, with continuous stirring. 
If dialysis were then continued for some weeks, it was possible to obtain 
abundant depfisits of haemocyanin. 

The contcuits of the membranes WTte centrifuged when a sufficient arao\mt of 
haemocyanin wfis obtained. The purified protein was then dissolved in jlf/15 
Sorensen phosphate buffer, usually 7*5; concentrated solutions, up to 10% 
of protein, could be prepared in this mamier. 

(c) Thrice crystallised haemocyanin. The once crystallised material was 
washed with water on the centrifuge, dissolved by the addition of sodium 
chloride, as described in detail by Dh^re and by Burdel [1922], reprccipitated by 
dialysis, rewashed and redissolved and finally reprecipitated by dialysis and dis- 
solved in pliosphate buffer. 

2. Experimental methods for measuring the distribution of proteins in a 

gravitational field, 

PeiTin [1908] devised methods for the determination of the distribution of 
microscopic or ultramieroscopie particles over short distances in a gravitational 
field. Bm ton [1922] and Porter and Hedges [1922] have made observations over 
longer distances (0*5 to 90 ora.) and concluded that there are forcc?s acting be- 
tween the particles which pr(?vent the application of the simple formulae given 
by Perrin. Svodborg [1928] has criticised the methods of Burton and of Porter 
and Hedges, drawing attention to the difficulty of obtaining equilibria in long 
tubes. It may be noted that earlier work with his ultracentrifuge, using long 
tubes, was unsuccessful, and in the present form the distances are of the order 
of 6 mm. In the case of proteins, the theoretical formulae? given by Adair [1935] 
indicate that distances of 2 cm. or more are required to produce measurable 
differences of concentration in a gravitational field. 

Preliminary experiments with globulin (unpublished) indicated that the 
difficulties inherent in the use of long tubes could be, in some respects, eliminated 
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by the use of a system of the type sho^m in Fig. 1, where a cylindrical collodion 
membrane is filled with protein solution and placed in a tube of dialysate. In 
this apparatus, equilibration may take place by diflPusion and sedimentation 
along the axis of the tube, as in the apparatus used by previous investigators, 
but in addition, the approximation to the equilibrium 
distribution may be facilitated by the movement of fin 

solvent across the membrane. 

A solution of imiform composition with a density 
greater than that of the solvent is not in osmotic 
equilibrium, because the difference in densities of Tffl 

columns of protein solution and dialysate should lead h ► Manonivtcr 

to a difference in osmotic pressure and therefore 

solvent should flow out in the lower part of the r t 

membrane, causing an increase in concentration, J JL I 

to correspond with the higher pressure. At the same §1 la^s 

time, solvent should flow in and reduce the concen- v, iJ lubr* ^ 

tration of protein in the upper part of the column. J 

It is probable that, if a cell with two walls of glass | | 

or quartz were used, the most accurate method of * [ 

determining the concentration gradient would be by ! • 

the use of an interferometer, whereby the concentra- ' P 1 

tion of the protein at different depths could bt‘ esti- 1 | 

mated and the process of equilibration followed by [ [ 

taking readings on successive days. In the absence >4 j-u j 

of an optical device of sufficient accuracy, a pre- 1 I 

liminary investigation has been made by leaving the 1 1 

protein solutions contained in cylindrical collodion „ ] 

membranes to equilibrate for a given time and then ^ 
withdrawing samples from different depths for I j 

analysis, as described below. The measurements of 
the concentration gradient were combined with 

measui'emonts of osmotic pressures which were made Hg. 1. Apparatus for measure* 
by a modification of the procedure described by of osmotic pressure and 

Aflftir noofil concentration of protein at 

^ ^ \ , different depths, h height of 

Ihe collodion membranes, from 5 to 20 cm. in protein solution in mano- 
length, were prepared by poui’ing 3 coats of collodion dialysate. 

oyermt.tinggl.a.mo.id,<.f.pp,oximately MS™. 

diameter, giving membranes of capacity 1 ml. per cm . indicated by broken line, 
of length. The membranes were mounted on 3 cm. 


ment of osmotic pressure and 
concentration of protein at 
different depths, /i- height of 
protein solution in maiio> 
meter; y - level of dialysate. 
Rigid collodion membrane en- 
closing hacmocyanin solution 
indicated by broken line. 


lengths of pressure tubing, slightly distended by a short length of glass tube 
shown in Fig. 1. The permeability of the membranes was adjusted so that at 
a pressure of 460 mm. mercury, approximately 0 01 ml. water per cm. of length 
flows out in one minute. The membranes were filled with haemocyanin solution 
dissolved in Jf/16 Sorensen phosphate buffer mixtures and attached to gl«»w 
tubes of external diameter 6 mm. and internal diameter 1-4 to 3 mm. graduated 
in cm. and mm. The membranes wore then fixed in tubes of buffer solution as 
shown in the figure. The temperature was regulated at 0° by placing the tubes in 
thermos flasks containing ice and water, which were kept in a refrigerator 
The level of the solution in the manometer was rca<l daily for periods from 
7 to 30 days, and in most cases the level was reset at a higher or lower point to 
see if the same pressure was reattained. After equilibration, the levels of the 
protein solution and of the dialysate, marked h and respectively in Fig. 1, were 
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read with an accuracy of 0*02 cm. on the glass scale. The distance between and 

the end of the rubber tube, was estimated with an accuracy of 0*05 cm. with 
a ruler. The collodion tube was then lifted out of the dialysate, detached from the 
manometer and secured by a clamp at the point whore the rubber tube is made 
rigid by the short glass tube. A sample of protein solution down to the level ^2 
(a few mm. below the edge of the rubber) was then removed and used for the 
measurement of the capillarity eon*ection. The rigidity of collodion membranes 
made by th(^ method referred to above is sufficiently great for them to be lifted 
out of the dialysate without appreciable distortion, and it was therefore possible 
to estimate the d(»pth of the solution at (defined as the distance between , the 
surface of the dialysatt?, and as the sum of the distance between y^ and , 
measured with the membrane in the dialysate and the distance between y^ and 
^2, measuri'd with the membrane exposed to the air. 

A eapillaiy pipette, sc'cured in a clamp, was then dipped into the solution and 
a sample down to the depth //a, about 4 cm. bt‘low was removed very slowly 
by suction, controlled by a rubber tul>c and a glass tap. It is inij)ossible to avoid 
all disturbance of the column, and uniformity of all details of j)rooedure is 
desirable, so that as far as possible, the errors due to admixture with relatively 
light solution initially above y^ and with the relatively heavy solution initially 
below ?/3 cancel out. The sample from to y^ was transferred to a rcfraetometer 
beaker and mixed by means of the capillary pipedte. Similar .samples from y^ to 
3/4 and from y^ to y^ weix) obtained by the same method. The refractive* indices of 
the dialysate. and of all the* samples were determined by means of the Zeiss 
dipping refraetomchT. In a few expriments, the nitrogen content of individual 
samples was determined by the method of Kjeldahl. As a general rule, the samples 
from the refractorneter beakers were afterwards pooled and the mixture used for 
measurements of nitrogen, density and refractive index. 

3 . Helatvmship between refrnctiom, exmeentraii^s and densities of Jimmo- 

cyanin solutions. 

In this work, the calculations of the protein concentration from nitrogen 
dett‘rminations weiK* based on the values for the nitrogen content of the dry 
protein given by Roche |1934] and quoted in Table T. The refractive indices of 
protein solutions equilibrated with phosphate buffers have been discussed 
theoretically by Adair and Robinson [1930, 1]. Their measurements showed that 
under these conditions, the refractive indices of solutions of serum albumin and 
globulin are directly proportional to the protein concentration C, calculated 
from nitrogen determinations. In the present work, it was found that the 
refractive index of the solutions of haemocyanin was dfrectly proportional to 
the concentration up to 10%, and it follows that the concentration can be 
calculated by the simple formula No. 1. 

( 1 ). 

C'ssg. dry protein per 100 ml. solution; JS' = refractive index of protein solution; 

refractive index of dialysate; a' — an empirical constant, equal to the 
refraction differences (R'— R'") for a 1% solution. 

It may bo noted that Redfield s [1934j value of 0*00198 for the specific refrac- 
tion increment of Limnlus haemocyanin dissolved in water exceeds the values 
for a' given in Table I. The difference is not due to accidental errors; in the case 
of EeliXy for example, where in a series of 9 determinations the maximum and 
minimum values are 0*00186 and 0*00175 respectively, the probable error of the 
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mean (0*00179) is less than 0*00001. One factor which may cause differences 
between a' and the specific refraction increment for aqueous solutions is the 
ionisation of the proteins and the unequal distribution of salts across the mem- 
brane. 


Table I. Nitrogen content, refraction increments and density coefficients of 
haemocyanins equilibrated at 0~ with M/IS phosphate buffer ^ p^ 7*f5. 


Species 

Nitrogen percentage of drv protoni I U<»chcs 
a' (Formula 1) 

1/ol' 

k (Formula 2) 


Bdix 

l5‘-22 

0-00179 

ooO-O 

0-27 


Octopufs 

16*09 

000184 

543-0 

0*27 


Carcinus 

16*83 

0-00187 

535*0 

0*27 


The measurements of densities r(‘(torded in Fig. 2 show that there is a straight 
line relationship between density and the concentration C\ as stated in the 
empirical formula No. 2. D' ^ D" -h kC /lOO (2). 


The percentage eiTor in this series of measurenK^nts of densities was greater than 
in the measurements of refractive indices, and the constant k could not be esti- 
mated to more than 2 significant figures. The values for difterent species are given 
in Table 1. 



Fig. 2. Donsities at 0*^ of solutions of haemocyanin equilibrated with M/16 phosphate buffer, 
Pff 7*5, density 1*009. Circles, Helix; squares, Octopus; crosses, Carcinus, 


4. Measurements of the distribution of haemocyanin in a gravitational field* 

The concentrations of samples of haemocyanin from different depths are 
recorded in Table IT. The calculations of concentrations and ratios have been 
made and recorded to at least one decimal place more than the accuracy of the 
measurements of refractive index and other data. The values of the ratio CJCi 
in the sixth column represent the concentration of the second sample divided by 
the eonwntration of the first sample. The values for C 2 /O 1 for different experi- 
ments are not strictly comparable, because the mean depths are not identical. 
In the seventh column the observed values have been used to calculate the value 
of the ratio Cg/^i assumptions that the difference in depth between the 

first and second samples is 1 cm. and that the increase in is proportional to the 
depth over the range investigated. 
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Table II. Increase of concentration of haemocyanin with depth in a 
gravitational field. 

Letters H, O and C denote Helix ^ Octojms and Carctnus resiectively. Dialysate M /] 5 phosfibate 
buflFer, 7-5, except for H 2 and H 7, which were at H which was blood of Hdix 

with dialysate 0*1435 i/NaCl 0*0087 ifKCI, 0 0159 0*0428 .¥ MgCl^ [Arvanitaki and 

Cardot, 1932], C 30 blood. * 


Specios « 
and 

Moan 

depth. 

First 

Moan 

depth. 

Seound 

(.'oncen- 

tration. 

First 

Concen- 

tration. 

Second 

Ratio 

Ratio 

exp. no. 

saniplo 

sample 

sample 

sample 


for 1 cm. 

H3 

7*39 

10*52 

(M42 

6-240 

1*0170 

1-0051 

H4 

8*05 

11*88 

4*3.35 

4*407 

1*0100 

J -(HHS 

H5 

8*05 

11*88 

3*435 

,3-490 

1*0178 

1-00.55 

H7 

8*35 

11*43 

3513 

3-715 

1-0576 

1-0187 

H2 

7*08 

10-38 

2*024 

2-733 

1-0417 

1-0154 

H8 

8*9.3 

12*88 

2*922 

3-019 

1 -0333 

1 -0084 

H8 

12*88 

17*58 

3*019 

3-101 

1-0470 

1-0100 

() 20 

8*07 

11-99 

8*985 

9*li>2 

1*0186 

1-0050 

VU 

8*19 

11-87 

.3*192 

3-233 

1*0128 

) 0035 

C12 

8.35 

11-71 

3-2f>9 

3 328 

1*0181 

1 -0054 

014 

(i*95 

10-31 

8-1,34 

8-351 

1*02()7 

1-0080 

C 30 

r.ir> 

19*20 

4 129 

4*100 

1-0075 

i-(xn9 

0 30 

10*20 

14*99 

4100 

4*222 

1-(XU5 

1-0032 


In the^ seric^H of experiments on Helijr hm^rnoeyanin, marked H, which were 
equilibrated for ])eno(i8 from 10 to 10 days, the ratio varied from 1*(X)4 to 1*019. 
In the expfTiments on Octopus and on Carcinus haemocyanins, marked O and 
C respectively, carried out lat<T, the times of equilibration were increased to 
about 25 days. The ratios show a range of variation from l‘(X)2 to 1*008. It may 
be noted that the chief sources of error, including imperfect equilibration and 
accidental disturbances in taking the sample, bmd to give low values for the 
ratio. 

5. The estimation of the osmotic pressure of haemocyanin. 

In the majority of protein solutions, the osmotic pressure can be calculated 
with sufficient accuracy by the formula (3), 


lo/r ,, , 


= osmotic pressure in mm, mercury at 0®, measured in a membrane permeable 
by electrolytes Imt impermeable by the protein ; JO' = density of the solution ; 
13*595 = density of mercury'; A = observed height of column of solution expressed 
in cm. solution; a; = rise due to capillarity. 

It will be noted that p^ represents the osmotic pressui'e in the protein solution 
at the point in Fig. 1, where the depth of the dialysate is equal to 0. At a 
point y cm. below the protein solution is subjected to a higher prc*.8sure on 
account of its greater density, and the total osmotic pressure p at the depth y is 
given by formula (4), which is exact. 


<*'■ 

In the majority of protein solutions, the integral is small in comparison with 
but in the case of haomocyanin, the integial is of greater importance, as 
shown by the data in Table III, obtained for a specimen of snail*s blood (Exp. 8). 
The densities at diiBFereiit depths recorded in the table were calculated by appl3dng 
formula (2) to the measurements of eonc^entration computed from refractive 



2582 J. ROCHE, A. ROCHE, G. S. ADAIR AND M. E. ADAIR 
Table III. Osmotic pressures, Exp. H 8, calculated by formulae {4) and (5). 


Depth 

Concentration 

{jy-nn 

p (formula 4) 

p (formula 5) 

0 

2*682 

0*0072 

0*368 

0*368 

8*93 

2*922 

0*0079 

0*408 

0*406 

12*88 

3*019 

0*0082 

0*431 

0*426 

17*58 

3*161 

0*(M)85 

0*4(>0 

0*461 


indices. The value for zero depth was estimated by extrapolation. It will be 
observed that the density difference (D' — D”) given in column 3 does not in- 
crease very rapidly with the depth, and it follows that the pressure calculated by 
formula (5) must be approximately equal to the exact value given by formula (4). 



In formula (5), y is equal to the mean depth of the sample taken for analysis and 
D' is the density of the sample. The range of error invol ved is small, as shown by 
the figures in the fifth column of Table HI, where p has betm calculated without 
making any allowance for the increase in (/>' — i)") below the point where y=0. 
It will be seen that the pressure p may be about 28 % greater than calculated 
by formula (3), in the case of the haemocyanin of the snail. Similar calculations 
of the proportion of the total pressure due to the term (D' — D") y (jan be made 
from the experimental data recorded in Tables TT and MI. 

6. Rdatiouship between the osmotic pressure and the prof^^in concentration . 

In a previous paper [Roche et ah, 1932J two different methods of stating the 
composition of protein solutions were described, namely, the '^corrected per- 
centage concentration”, symbolised expressed in g. ^y protein per 1(X) ml. 
solvent, and the concentration, symbolised G, expressed in g. dry protein per 
100 ml. protein solution. The theoretical treatment of the distribution of 
haemocyanin in a gravitational field may simplified as described in the 
following section 7 by the use of the term C rather than G,, , because the densities 
of the solutions are directly proportional to G as stated in formula (2) and the 
correlation of such measurements with determinations of osmotic pressure is 
facilitated by the use of G rather than of G^, . 

The curves in Fig. 3 show the relationship between the osmotic pressure and 
the concentration G when the haemoeyanins prepared from the blood of the snail, 
the octopus and the crab are equilibrated with J//15 phosphate buffers oip^ 7*4 
and 7-5 at 0°. It may be noted that the pressures are extremely small, especially 
in the more dilute solutions. In spite of the difficulties inherent in the 
measurt^menls of low pressures, and of the additional term in the calculations of 
pressures defined by formula (5), the points lie closer to the smooth curves shown 
in the figure. The points shown in this figure do not give a complete record of the 
data ioT Helix, One additional series of measiu’ements made at p^ 6*8 is sum- 
marised in Table IV . The difference between the osmotic pressures at p^ 6*8 and 
7*5 seems to be less than 0*1 mm. 

In four experiments on the whole blood of Helix, at 7*5, containing about 
3*09% haemocyanin, the values of the ratio pjC^^ir were 0*15, 0*30, 0*21 and 
0*22 respectively. These values are of the same order as those obtained for 
crystallised haemocyanin, and it may be inferred that the process of purification 
does not cause great chang(‘s in the structure of the molecules. Further evidence 
on this point was obtained in an experiment on crab’s blood at p^ 7*4, where the 
pressure of 1*47 mm. at a concentration G =4*06 is in agreement with the curve 
for purified haemocyanin, shown in Fig. 3. The results recorded in Table V 
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Concentrations in g, protein per 100 ml. solution 


Fig. 8. Osmotic pressure at of haeinocyanin equilibrated with M/lo phosphate buffer pn 

Circles, C'arrinuff; squares. Octopus; crosses Helix; broken lines, theoretical osmotic pressures 
of proteins of molecular weights 710,000 and 1,800,000, calculated according to'van’t Hoff’s 
law. 

Table IV. Osmotic 'presstire of Helix haemocyanin at 6-8. 


Exp. no. 

(; 

P 


1 

3-41 

0-35 

010 

7 

302 

0-32 

008 

58 

3-49 

0*31 

009 

59 

316 

0*41 

013 


Table V. Osmotic pressure and membrane potentials of thrice crystallised 
haemocyanin at pjj 7-4, 


£!=■ potential in m.v, at 0^; p^= calculated pressure of diffusible ions. 


Exp. no. 

Animal 

C 

E 

Pi (calc.) 

p (observed) 

1(3) 

Octopus 

3-56 

-0*44 

1*03 

102 

2(3) 

Octopus 

2-84 

-0*36 

0-69 

0-54 

3(3) 

Helix 

1-96 

-0-23 

0-28 

0-30 

4(3) 

Helix 

0'90 

-0*19 

— 

000 


show that material subjected to three crystallisations gives pressures similar to 
those obtained with material once crystallised. 

The relationship between the osmotic pressure p, expressed in mm. mercury 
at 0®, and the molecular weight is formulated below; 

p=^ST<fye,^ST*f> -^= 170 , 330 ^ ( J) 


( 6 ). 
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where absolute temperature; i2=ga8 constant. At 0°, jRT== product of pres- 
sure and volume of 1 g. mol. of a perfect gas = 760 mm. x 22*414 litres = 17,033; 
c^=g. mol. protein per litre protein solution : if = molecular weight, or the mean 
molecular weight if the protein be polydisperse ; ^ = a coefficient, equal to the 
ratio pIRTcjp . 

The term <f> represents the sum of the osmotic effects due to three factors : 
(1) the volume occupied by the protein hydrate, (2) the “partial pressure'’ 
symbolised , due to the excess of diffusible ions inside the membrane, referred 
to in Donnan’s theory and (3) attractive and repulsive forces between the protein 
particles. Previous inviistigations on haemoglobin [Adair, 1928] and serum 
proteins [Adair and Robinson, 1930,2] have shown thatc^ approaches unity at low 
protein concentrations, so that accurate values of molecular weights can be 
determined by extrapolation. In the case of haemocyanin, the osmotic pressures 
of the dilute solutions arc so small that the application of methods of extrapola- 
tion must be postponed. 

Table VI includes a series of values of thc^ ratio M/<f) which is equal to lOETC/^J 
calculated from the curves shovTi in F'ig. 3. It v ill be seen that tJiis ratio diminishes 
with increasing concentrations, in accordance with observations on liaemoglobin 
and on serum proteins referred to above, which shows that is greater than unity 
even in the case of 3% soluiions, and it maybe inferred that tin* molecular 
weights of the haemocyanins are greater than the* values for such solutions 
entered in the second column of Table VI. 

Table VI. Vahies of tlie ratio Mjf> at different concentrations of 
haemocyanin, 

Amraal C:^0-U C’=9-0 

Helix 1,800,000 1.400.000 

Octojms 710,0(K) 030,000 r>70,0(M) 

Carcinvs 650,CK)0 440,000 330,000 

The values obtained by the osmotic method are comparable with ultra- 
centrifugal measurements. The sedimentation velocity of the haemocyanin of 
Carciniis, recorded by Svedberg [1933] corresponds to a molecular weight of 
620,000 ± 40,000, a figure rather larger than Af/<^ = 550,000 estimated by the 
osmotic method, but it is obvious from the data in Table VI that Mjcft tends to 
increase with dilution, and a value of iff = 620,000 is consistent with the osmotic 
measurements. In the case of the haemocyanin of Octopus , the measurements of 
sedimentation velocity made by Svedberg and Eriksson [1932] show that the 
molecular weight depends upon the p^ value. In certain ranges the molecular 
weight is about 2,000,000, but at pjj 7*5 the mean molecular weight may be 
about one-fifth of this value (400,000 ± 150,000), a figure which is below the value 
iff/^ = 710,000 obtained by the osmotic method. It is not unlikely that the 
difference may be accounted for by the fact that the centrifugal measurements 
are made on ^lute (0*5 %) solutions at 20®, whereas the osmotic measurements 
were made on more concentrated solutions at 0®. 

In the case of the haemocyanin of Helix, which has been studied in detail by 
ultracentrifugal methods, the molecular weight is 5,100,000, a value more than 
three times as great as Mj<f) estimated by osmotic methods. One possible 
explanation of the difference is the prei^ure due to the excess of diffusible ions 
inside the membrane, symbolised p^. Calculations of p^ have been made as 
described by Adair and Robinson [1930, 2] and recorded in Table V. It appears 
that the t*ffect of the term Pi must be balanced by interionic attractions, 
because the observed pressures for concentrated solutions are lower than the 
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(extrapolated) values for Pi . Osmotic abnormalities of this type were observed 
by Hammarsten [1924] and have been discussed thermodynamically by Linder- 
strom-Lang [1926], In the circumstances, it is by no means certain that the 
discrepancy can be accounted for by the term Pi . 

In the case of a substance of molecular weight 5,100,000 the presence of 
relatively small amounts of less polymerised particles may cause marked 
alterations in the mean molecular weight, and it is not unlikely that the relatively 
low value of 1,B(K),000 for is partly due to the polydisperse state of the solu- 
tion. In experiments where chloroform was added as a preservative, Ml<f> was 
reduced to 700,000, an observation which suggests that the haemocyanin of 
Helix tends to form degiadation products. 


7. Theoretic/xl calcMlation of the diMribuiion of a protein in a gravitational 
field from measurements of osmotic pressure, 

III the system shown in Fig. 1, w^here the density of the protein solution D' is 
grcat<‘r than that of the dialysatc, symbolised D'", an increase in the depth must 
b(* c*,orrelated with an incT-(*ase in the osmotic pressure, wdiich is defined as the 
diftiTcncc betwiKn th(' hydrostatic pressure in the colloidal solution and the 
dialysate. dP==.(D’ -D’) dy (7), 

where c/P= increase in osmotic pressure, expressed in cm. w^ater of density 1*00. 

In the gravitational field, the hydrostatic pressuni and composition of the 
dialysate may change sliglitly with depth, but the oflFects of these changes must 
be smalb ami the terms f>' and D'* in formula (7) should agn^e with measure- 
nu‘nts mafic using solutions with ilifferent protein concentrations equilibrated 
wdth a dialysate. of constant pressure and comjiosition. 

The term — D") is then equal to l:C/l(K), as stated in formula (2) ; il‘ = 0*27, 
in solutions of haemocyanin f*qullihrated with the standard phosphate buffer 
mixtures. The pressure p, in mm. mercury, is given by formula (6): 

(lOCyj/), 

where 17,033 at 0^, If the pressure P bo expressed in cm. water, RT must 
be given in the same units, and it follows that P = 23,158<^(10C7i/). 

Using the values for pressures and densities given above, formula (4) can bo 
restated in terms of the concentration C. 

( 8 ). 


The integration of this formula, allowing for the variation of ^ wdth con- 
centration, has been described by Adair [1935]. In the special cases where (7j, 
the concentration of the lower sample at the depth yi , is only slightly greater 
than , the concentration of the upper sample at the depth , the change in <f> 
is small, and the ratio CijC^ may be calculated by the approximate formulae (9) 


and (10): 


J c- 


‘"P.' 






lOOOiiT' 


•( 9 ), 




!).[!+ 


85 * 8 . J 


.( 10 ). 


If the solutions be as dilute as those used by Svedberg, 0*1 to 0-5%, the 
term ^ should approach unity, and tli© ratio Ci/C^ can be calculated jfrom the 
molecular weight. If ilf be equal to 5,100,000, as in the ease of Helix, the ratio 
should be approximately 1*059 for an increase in depth of 1 cm. The ratio 
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diminishes to 1-006 for a molecular weight of 600,000. The observed ratios given 
in the last column of Table VII are lower than these calculated values, but the 
experiments were made at much higher protein concentrations, at which (f> is 
greater than unity, as shown by the measurements of osmotic pressure recorded 
in Table VII, column 3. 

Table VII. Comparison of observed increase of concentration of haemocyanin 
mfh depth and values calculated from osmotic pressure memurements. 


Exp. no. 

C 

V 

Mt4> 

Ratio 

calculated 

Ratio 

observed 

H3 

6*35 

0*85 

1,200,000 

1*0140 

1*0051 

H4 

448 

0*49 

1,650,000 

10180 

1*0043 

H5 

3-55 

0*22 

2,700,000 

1*0314 

1*0065 

H7 

3-63 

0*32 

1,950,000 

1*0227 

1*0187 

H8 

3‘09 

0*44 

1,100,000 

10128 

1*0084 

0 20 

8-88 

2*50 

590,000 

1*0008 

1*0050 

Cll 

3-20 

]0(i 

510,000 

1*0069 

1*0035 

C32 

3-33 

1*25 

450,0{K) 

1*(K)52 

1*0054 

C14 

817 

3*71 

370,000 

1*0043 

1*0080 

C30 

4-Oti 

140 

470,000 

1-0066 

1*0019 


The values of M\f> calculated from measurements of osmotic pressure are 
given in column 4. The ratios in column 5 are calculated from these measure- 
ments by formula (10). Considering the technical difficulties of measuring small 
pressures and small differences in concentrations, the agreement between the 
observed and the calculated values is within the limits of experimental error, in 
the case of the observations on Octopus and Carcinus, In a number of the experi- 
ments on Helix^ the observed ratio is much lower than that calculated. It must 
be remembered that the observed ratios in Table VH represent the distribution 
of the protein at the time the osmometer was taken down, and the chief object 
of the comparison of the observed and calculated results was not to test the 
validity of formula (10) but to use the formula as a test for the existence of a 
state of equilibrium. In the circumstances it may be inferred that although a 
number of the osmometers containing the haemocyanin of Helix failed to reach 
a state of equilibrium, the osmometers containing Octopus and Carcinus 
haemocyanin, which were allowed to equilibrate for a longer period (up to 25 
days) gave an approximation to the equilibrium distribution within the limits of 
experimental error. 

Summary. 

A method is described for the preparation and recrystallisation of haemo- 
cyanin. 

Measurements are recorded of the osmotic pressures of haemocyanins pre- 
pared from the blood of Helix ponmtia^ Carcinus moenas and Octopus vulgaris. 

The mean molecular weights of the haemocyanins, calculated from the osmotic 
data, are compared with those calculated by Svedberg from ultracentrifugal 
measurements. 

A preliminary study has been made of the distribution of haemocyanin in a 
gravitational field. 
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The activitiefl of several enzymes appear to be markedly influenced by reduced 
ascorbic acid. Papain is reported to b(‘ inhibited by ascorbic acid alone but 
activated by ascorbic acid phs ferrous sulphate [Maschmann and Helmert, 
1934]. Cathepsin is activated by ascorbic acid and the activation is increased 
by the presence of iron [Euler et ah, 1934]. An activation is also reported for 
arginase [Edlbacher and Leuthardt, 1933]. Inhibitions have been reported in 
the cases of urease [Edlbacher and Leuthardt, 1933] and j3-malt-amylase 
[Purr, 1934]. 

In the present investigation the observation of Pun* that j3-malt -amylase 
is strongly inhibited by reduced ascorbic acid has been confirmed. Moreover, 
evidence has been found which suggests that the eflfect can be attributed to the 
presence of the dienol grouping in the vitamin and that it is not due merely to 
the reducing properties of this grouping, since (1) two other dienol compounds, 
diliydioxymaleic acid and reductone, exert the same type of inhibition, and 
(2) the inhibition by a dienol compound is reversed not only by oxidative de- 
struction of the dienol grouping but also by the addition of a variety of other 
reducing substances including hydrogen c^^anidc, sodium hydrosulphite and 
several sulphydryl compounds. This latter effect, the reversal of dienol inhibition 
by other reagents of a reducing character, even though the actual mechanism 
of this reactivation remains obscure, would seem to exclude the possibility that 
the effect of the vitamin and the other dienol comx)ounds is due merely to their 
reducing properties. 

The results to be described thus suggest that the inhibitory action on jS-malt- 
arnylase is of the nature of a specific effect and they accordingly lend plausibility 
to the view that the vitamin function of ascorbic acid may bc^ related to its 
ability to function as a regulator of enzyme activity within the cell. 

Preparation of p-mali-avtyJase. 

The enzyme was prepared from ungerminated barltjy by a method based on 
that of van Klinkenberg [1931]. The seed coat, aleurone layer and most of the 
embryonic tissue were removed from a specimen of high-grade malting barley 
by grinding in an abrasive mill. The product, which resembled commercial 
‘ Pearl Barley'’, was ground to a fine fliour. 

200 g. of the flour were extracted with 700 ml. 50 % ethyl alcohol for 2 hours. 
After centrifuging, the residue was again extracted with 250 ml. 50% alcohol 
and again centrifuged down. The supernatant liquors were combined and the 
enzyme precipitated by the addition of alcohol to a final concentration of 80%. 
The precipitate was removed on the centrifuge and washed once by re-suspension 
in 80% alcohol. The washed residue was thoroughly drained on a suction filter 

• Now at the Low Temperature Research btatioTi, Cambridge. 
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and was then suspended in 200 ml. of watt‘r. An insoluble fraction was removed 
by filtration after 5 days. 

Three such concentrated stock enzyme solutions (prepared from two difl'ercrit 
specimens of barley) were us(h 1 in the prcscmt investigation, all of which gave 
similar results. The stock (‘iizyrnes w(^rc storofl under tohame at 0"^ in which 
conditions only slight ehang(‘s in activity (less than 10%) oc curred in an 8-weck 
period. 

Portions of stock enzyme suflicient for 1 or 2 flays’ exfxu’iments wire removed 
as required and after suitable dilution (0 to 10- fold in different eases) were 
Stored in the reaction thermostat- at 25“'. 

Rp,ageMts, 

Conductivity water (from an all-pVTCx still) was used in the preparation 
of enzyme, substrate and all reagents used in the pretreatnicnt of the enzyme. 
Solutions used in pretreatment were adjusted to the natural acidity of the 
enzyme 6*4) by appropriate additions of sodium hydroxide. 

The following dienol compounds were used : 

1. Ascorbic acid as supplied by British Drug Houses. 

2. Glucoreduetonc (CHO.(’OH:CH(.)H) was prepared from glucose by the 
method of Euler and Martins [1933|. The product after rtxTvstallisation from 
acetone an<l ethyl acetatt^ had j)roperties in general agreement with the 
description of those authors although no claim can he made for its absolute 
purity, as will be ck'ar from the following obsfTvationa : mol. w^t. from the rise 
of lioiling point in acetone solution (Pregl method), 90, 99, 93, average 94; 
acid equivalent. 87*5; iodine equivakmt, 92. 

3. Dihydroxymahic acid (HOOC.('OH:COH .COOH) was prepareil from 
tartaric acid by the proct‘durc of Fenton [1905], solid carbon dioxide and 
acetone being used as a ndVigerant duiing the oxidation mth hydrogen peroxide. 
The anhydrous substance gave theor(‘tieal values for titra table acidity and 
iodine consumption. In some experiments the disodium salt of this acid (pre- 
pared by neutralising an alcoholic solution of the acid with alcoholic sodium 
hydroxide) was used. 

Solutions of the dienol compounds wwe freshly prepared a short time (rarely 
more than 20 min.) before mixing with the enzyme. Sodium hydrosulphite w^as 
used within 2 min. of dissolving. Other reagents, hydrogtui cyanide, sulphydryl 
compounds etc., were prepared daily. 

The various reducing compounds in the low final concjentrations in which 
they occurred in the starch digf‘sts were found to have no appreciable infiuence 
on the determination of maltose production in the digests of starch. 

Procedure for pretreatmeni of enzptm and adiviti/ determinations. 

Throughout the investigation a standard volume of 2 ml. of enzyme (con- 
taining from 0*8 to 1*4 mg. dry matter) has l)een used. Pi*etreatment of the 
enzyme with the various reagents studied has usually been earned out in- 
dividually on these standard 2 ml. portions contained in small vials supported 
in the bath at 25*^, although in some exj)eriments it was more convenient to 
pretreat a larger volume from which a number of samples (equivalent in volume 
to 2 ml. of the original) were taken for activity determination. 

Activity values are based on determinations of the initial velocity of maltose 
production in digests of soluble starch at 25^ and pjj 4*7 (the optimum vjdue). 
The standard volume of enzyme, diluted to 5 ml. by the addition of water or 
reagents used in pretreatment, is added from the vial to a digest flask, the lip of 
Biochem. 1935 xxix 166 
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the vial being first lightly srnearf'd with vaseline. The digest flask contains 
25 ml. 0-06 % soluble st-arcli (saturated with toluene) and 3 nil, Njb acetate buffer 
of 4*7.^ The vial is rapidly rinsed with the reaction mixture and thereafter 
5 ml. samples are removeci at inti^rvals for maltoses detcTinination by the methods 
described earlier [Hanes, 1921); 1932], The first sample is taken at 0*7 min, and 
subsequent samples usually at intervals of 1-2 min, In most experiments four 
samples w^ero taken from each dig(‘st, the observations being thus restricted to 
the first 5-6 min. of tlie rt'aetion. 

It has been shown earlu^r [Haiu‘s, 1932| that undcn* these conditions the 
progress curves of malt 08 <' pi’oduction normally remain almost linear, ther(‘ 
being only a small decrease in the redaction V(do(‘ity during the shoi*t period 
under observation. Tliis has been found to hold true in the presemt study for 
digests with untreated enzyiiH', or enzynui rt‘aetivated after dienol inhibition. 
With inhibited enzyme, how(‘V(‘r (partieidarly nfitn' pretieatmciits with ascorbic^ 
acid and rediietone), the rate of maltose production frequently falls ofl’ with 
somewhat variable rapidity wdiieh indicates a further development of the in- 
hibition after the enzyme (with dienol compound) is addt‘d to the buffered 
substrate. At least part of this incrc^ased inhibition results from the preseiUM^ 
of the more aedd biiffer of the digest, but t he pres(me(‘ of h(‘a.vy rnetal imjmrities 
witli the starch may also contribute (v. p. 2599). This feature has the effect of 
increasing the experimental error in deriving initial slope v^alu(\s with inhibitt'd 
enzyme, but the initial slope iiK^tliod clearly remains the most desirable basis of 
assessing activity as it j)rovides as m^arly as possible a measure of the activity 
of the enzyme at the t<‘T'mi nation of its eontrolled pretreatriient. Examples 
of progress curve data will be seen in Tabh^ W and in Kig. 5. 

Expehimentaj.. 

The (itne course of the dienol inhihition, 

(a) Devflopynent, In a number of t*xperiments in wdiicli thi‘ rate of develo})- 
ment of inhibition was followe<l it became clear that the effbet was not “instan- 
taneous” but (except with very low concentrations of inhibitor) required a 
period of sev’^eral minut<*s for maximum d<‘velopment. This will he sufficdentlx' 
illustrated l)y the graphs of Fig. 1 in which the observed inhibitions are plotted 
against duration of pretreatmeiit with what may be teiTued high, medium and 
low^ amounts of redu(*,ed ascorbic acid — 2*5, 0-1 and 0*03 mg, res})ectively per 
standard volume (2 ml.) of enzym<‘. In th(*se cases the ascorbu? acid in 1 ml. of 
solution was added to 2 ml. of eiizym(‘ for the {m'treatment, 2 ml. of water being 
added imm<idiately before starting the digest. 

Ilata from three diflPerent ex})crimtuits with 01 mg. ascorbic acid have been 
plotted to illustrate the degree of reproducibility of the results. They would 
indicate a maximum inhibition of about H0% developing in 10-15 min. With 
2*5 mg. ascorbic acid the full inhibition of 98% had developed within 7 min.* 
Only with the lowest amount of ascorbic acid (0 03 mg.) does the earliest activity 
determination (after 1 min. pretreatment) show maximum inhibition. In this 
case the subsequent determinations show that the inhibition becomes pro- 
gressively smaller. 

^ Tho final volume of the standard digest is thus 33 ml. and the starch concentration 0*50 . 
Por substrate we find most suitable pofato starch “solubilised'’ according to the procedure of 
8mall fJOlOJ. The moisture content is determined by drying to constant weight at 110^ in a high 
vacuum in the presence of PjOg. 

2 VV^ith intermediate doses 0*2-"0*7 mg. a slight progressive increase in inhibition haa been 
observed for pi'riods up to 5 hours. An example is shown in Fig, 2. 
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(b) ""Spontaneous"' regeneration after dienol inhibition. The phenomenon of 
regeneration of acitivity, which is noticeable in the inhibition-time curve with 
low ascorbic acid in Fig. 1, has been ixivostigated in some detail and has bet*n 
found to bo associated with thf* destruction of tb(^ inhibiting dienol group by 
aerobic oxidation. With increasing amounts of inhibitor, regeia^ration is slower 
in appearing and smaller in extent. W(; give in Table 1 observations extending 
over longer periods which illustrate the niagnitud<^ of the effect with different 
(ioncontrations of ascorbic acid. 



Duration of protreatmont. min. 


Fiij,. 1. Th(‘ tiin<‘ of infnbition by tlircM* oonco/it rat ions of uscorbie acid, 0 03, 0*1 and 

2 r» nnr. rrK|K‘<'tiv<‘lN , in 1 ml. ad<U*d to 2 ml. enzyme. Observations from three cxjKinments 

\utli tlie mt<'rni('(but(‘ (‘oneontration are shoun. 

^Pable 1. liege He ration of activity durituf prolonged ascorbic acid treatment, 

2 ml, enzyme pretn‘are<I with 1 ml. a.seorbic aeid solution. 

nn;;. «isrorbi<‘ iielativi* aetivity after pretreatmeiit tor 
aeid in 1 ml. 1 Iiour 20 hours 45 houi> 

01 21 44 

0-2 12 :h> 51 

0-7 4 lb 32 

The elu(»iciation of tin’s featitre luts brought to light an interesting difference 
in the behaviour of tht*. three dienol compounds, in that the regeneration of 
activity during treatment with ascorbic aeid is much slower than with dihy- 
droxymaleic acid or reductone. 

Experiments were carried out in which the activity of the enzyme and the 
degree of oxidation of the dienol compound mixed with it were followed simul- 
taiieously. For the latter determination 5 ml. samples of the enzyme-inhibitor 
solution were acidified with 2 ml. 5 % acetic acid ; an excess of iodine was added 
by pipette and back-titrated with sodium thiosulphate in the presence of 4 drops 
of 1 % soluble starch. Under these conditions the enzyme alone show^ed no 
iodine consumption. 

In Fig. 2 are given the results of such an experiment in which three portions 
of the same enzyme solution were treated with ascorbic acid, dihydroxymaleic 
acid and reductone of the same concentration. The pretreatment was carried out 
in each case by the addition of 40 ml. of if /800 solution of the dienol compound 

16iW> 
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to 80 ml. of enzyme contained in a 500 ml. flask, the solutions being kept aera^ted 
by fi'equent whirling of th(‘ cont(‘nts about the walls. Samples of 5 ml. for 
determination of iodine consiimi>tion and 3 ml. for activity detcTmination were 
taken at intervals. In order to insme the same acidity in the three solutions, 
the dionol compounds after first neiitrali.sing to py 0*4 with NaOH were made up 
to volume with the addition of phosphate' biifler of this to give a concen- 
tration of Jf/200. Accordingly tlu^ pietreatment of tl)e enzyme was carried out 
in the presence of 3f/fl00 phosphate of pj^ 6-4 and the final concentration of 
inhibitor was Jf/24()0 in each cas(‘.^ 




Fig. 2. The time course of inhibition (upj)er^ an<l locbne- reducing eapacily (lower) during treat- 
ments of the enzyme with aa(jorbic acid (/I), rc'ductone (H) and dihydroxymaloir 

acid (M), 

In the upper part of Fig. 2 it will be seen that the enzyme treat<?d with 
ascorbic acid showed a rapid fall in activity to approximately 3 % of the original 
value, rising in the course of 5 hours to 7 % . A subsequent determination at 
24 hours (not shown) indicated a further regeneration to 32% of the original. 
In contrast to this effect it will b(‘ seen that the inhibitions by the two other 
dieiiol compounds were of a transient nature. Th(^ inhibition by reductone, 
initially of the same order as that by ascorbic acid, decreased voi\v rapidly so 
that in 30 min. the activity hail risen to 85% of the control value; after the 
rapid regeneration to this level the activity rose only very slowly, reaching 
91*5% of the control value after 24 hours (not shown). A^subsequent deter- 
mination (32 hours) showed no fuither recovery. The dihydroxymaleic acid 
inhibition, considerably smaller initially than the'others, also decreased rapidly 
and after 3 hours the activity was identical with that of the untreated oontroL 
In the lower part of Fig. 2 are shown the iodine consumption data for the 
three enzyme-inhibitor mixtures expressed in ml, 0-004N iodine per 5 ml. In 
the ascorbic acid-enzyme mixture a relatively slow' decrease in iodine c^onsumption 
occurred. The value fell from 0'84,to 0-67 in 5 hours, and (not shown) to 0-415 
after 23 hours. In the cases of the other dienol compounds, however, rapid 

1 For convenient in comparijig with oflier treatments this corresponds to the addition of 
1 ml. containing 0-22 mg. ascorbic; acid, 0-186 mg. dihydroxymaleic acid and 0-U mg. reductone, 
respectively, to the standard 2 ml. volume of enzyme. 
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oxidation of the dienol group occurs so that the iodine consumption values fall 
to zero in 1 hour with (iihydroxymaleic acid and in 15 min. with reductone. It 
is noteworthy that the complete disappearance of the reducing group occurred 
in each ease before the activity of the enzyme had regenerat(id to its maximum 
extent. 

It is clear from the results of this experiment that the regeneration of the 
enzyme is closely correlated with the destruction of the inhibiting dienol group 
(probably by aerobic oxidation) and that the differences in duration of the 
inhibitions produced by tlie three substances are due to differences in the stability 
of the dienol group as it occurs in them. 

Tw o further ]>oint8 in tliis experiment are worthy of note — namt^y that tln^ 
iodine consumption values immediately after mixing enzyme and dienol 
solutions are appreciably lo\^ er than the theoretical values for the dienol alone, 
and that in the cases of reductone and dihydroxymaleic a(*id the comjdete 
oxidation of the dienol group occurs before the regeneration of the enzyme 
activity is complete. These points, which suggest that a small amount of the 
dienol oomj>oinujs oombin<*8 with some constituejit of the enzyme preparation, 
are being further investigated. 



Fig. l). Tli<^ tifiu^ roiirse of inhibition (uppt'r) ami iodino-rtnlufing capaoity (lower) 

(luring trealnients with aa(‘orhie acid and reductone. 

We give in Fig. 3 the results of a shnilar ex|>eriment in which portions of 
enzyme were pretrc?ated with J//750 (final eonctmtration) ascorbic acid and 
reductone (slightly more than thr<^. times the strength used in the preceding 
expt^riment). This corresponds to the pretreatment of 2 ml. enzyme with 1 ml. 
containing 0-704 mg. ascorbic acid and 0-352 mg. reductone. As before the 
dienol compounds after neutralisation to 6-4 wore dissolved in lf/2(K) 
phosphate buffer of this The iodine consumption determinations were made 
on 3 ml. samples. 

To facilitate comparison we have included in Fig. 3 the a<^tivity-progresa 
curve for Jf/2400 reductone re-drawn from Fig, 2. It will be seen that the 
increased concentration of reductone I'esulted in a slightly greater initial in- 
hibition and that the subsequent r^neration is considerably slower and less 
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complete. As before the determinations of iodine consumption indicate a rapid 
oxidation of reductone and a very slow oxidation of ascorbic acid. In contrast 
to the results of Fig. 2, however, the iodine consumption values did not fall to 
zero but after 100 min. treatment there remained a small residual reducing 
power which decreased extremely slowly. 

Effect of the enzyme 'preparation on the oxidation of the 
three dienol compounds. 

Experiments of the type just described led to a study of rates of oxidation 
of the three dienol compounds in the presence and absence of small amounts of 
the enzyme preparation. Mawson [1935] and others have reported that extracts 
of animal tissues possess tlu‘ property of protecting ascforbic acid against aerobic 
oxidation. We have found that th<' j3-amylase preparation, an (»xtract of un- 
germinated barley, has a similar action in decn^asing considerably the rate of 
oxidation of ascorbic* acid. In contrast, however, to its stabilising action toward 
ascorbic acid the presence of 1h(‘ enzyme preparation markedly accelerates the 
oxidation of the other two dienol compounds. 

The following experiment will s(*rve to illustrate this differenct* in the action 
of the enzyme extract toward the three compounds. 

3f/509 solutions of ascorbic acid, r(‘du(‘ton<* and dihydro xymaleic acid, 
neutralised to p^j ()*4 with NaOH and made u f) in 0*005 M phos})haty<* of this same 
were used. Within 1 *5 min. of dissolving the dry substanc{‘s in the previously 
measured NaOH and buffer (already dilut<(‘d to volumt*) two 50 ml. portions of 
each dienol solution were tr(‘at(*d as follows : to one wer^ added 3 ml. of water, 
to the other 3 ml. of undiluted stock enzyme solution. Sam])les of 10 ml. were 
taken at intervals for determinations of iodine consumption in the manner 
described earlier (p. 2591 ). Throughout the experiment the solutions were aerated 
every 3 or 4 min. by whirling around the walls of the 500 ml. flasks in which 
they were contained. The final (concentration of the di(uu)l compounds was 
0*0185 if throughout (which is (considerably stronger than in edther of the two 
preceding inhibition exj)eriments) and in the solutions to whicli enzyme extract 
was added the dry matter from tht* extract amounted to 0-28 mg. pei* ml. of the 
final solution (which is smaller than under the normal pndrc'atment conditions). 

From the iodine consumption vahms the progress of oxidation of the dienol 
group in the six solutions was calculat(*d : the result s H])poar in 'liable II. 

Table II. Aerobic oxidation of dierud compounds in presence and 
absence of added enzyme preparation. 


J>ieiiol cdinpouncls O thnnif^hoiit ; />,, S-l; tomp. 21-5 22 r)\ 




Perecntajie oxidutum of dienol 

^TOUp 




il 

fll 

rv 

V 

\J 

'rime 

Ascorbic acid 

Jteductone 

Dihydroxymalcie a<?id 

mill. 

Alone 

+ Extract 

Alone -r 

Extract 

Alone 

-* Extract 

15 

13-9 

4-8 

18-3 

38-S 

4-9 

12*2 

30 

23*2 

5-7 

25-5 

.57-2 

7-0 

18*4 

45 

32-2 

6-7 

32*2 

66-5 



60 

39-8 

7-5 

37-8 

79-S 

lOf) 

27*3 

75 

47-0 

81 

43-6 

87*5 

n-8 

31 0 

95 

— 

— 


— 

13-5 

36-7 


By comparing columns I, III and V it will be seen that in the absence of 
the enzyme extract dihydroxymaloie acid is oxidised least rapidly, ascorbic 
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acid and reduotone being oxidised at considerably greater and roughly similar 
rates. (.The initial rate for reductone is slightly higher but falls off appreciably.) 
With added extract, however, there is a marked change in the rates ; ascorbic 
acid is oxidised much less rapidly than before, and the rat(‘ of oxidation of the 
other two compounds is couvsiderably increased. Thus the addition of the extract 
has decreased the oxidation of ascorbic acid for the 75-min. period from 47 to 
8*1% — ^whereas the oxidation of reductone is increased from 43*() to 87*5% 
and that of dihydroxy maleic from 11*8 to 31*0%. 

From results of this type* it is concluded that the (‘iizyme extract (?ontain8 a 
factor (or factors) of unknown nature which protects the dicnol grouj) of ascorbic 
acid against aerobics oxidation, but that under the same conditions the oxidation 
of reductone and dihydroxymaleic acid is greatly accelerated. Further investi- 
gation is required before* the nature of this effect can be discussed. 

This peculiar difference in the bediaviour of the* throve diene>l compounds in 
the presence of the enzyme extract offers a clear explanation of the elifiTerences 
in the* duration of their inhibitory ae'tion on j8-ainylase. Ascorbic acid which is 
stabilised against oxidation b}' the* extract pre>eluccs the most permanent 
inhibition, whereas reductone whose oxielation is most rapiel in the presene»e of 
the extrat*t pre)du('e*s the most transie^nt inhibit ie>n, dihyelroxyrtjaleie aeiel b(*ing 
interineeliate i?i both re*sp<'cts.^ 

Th(^ ('ffect of oxidm rH didwl C 07 n 2 ) 0 timhs and the addition of 
(Kridantf^ with thx reduced compoiinda. 

As would be* exf)('i*te*d from the* foregoing expe*iiincnits the oxidation of the 
dicnol compounds ]>y aeration before* mixing wdth the e*nzynu* destroys their 
inhibitory power. The* e*ffect8 of 10-min. pretreat nunts with rediu*ed and 
ac^robically oxi(iise*d ase'orbie aciel and reductone are given in Table 111. 

Table* HI. 

Holativo 

activity 


'1 ml. (Mizyiiu*. rntrfatccl coutr<»l (initial vt^Unuty 0-320) 1(K) 

2 ml. enzyme t 1 ml.iiO'2 iiijti, rednoed a«eurbie acid — iO min. 12 

2 ml. onzynn* 1 ml.=:0 2 m^* oxidised af<eorbic aeid*---10 nun. 97-5 

2 ml. enzyme -t ] ml izO-J luji. redueed reductone — 10 min. lo 

2 ml. enzyme • I inl.iiO'l nig. oxidised reduetonet- -10 mm. 98 


Solution previoii.sly aerated 48 hours, baline etmsumption of original, 
t Solution previously aenite<i 24 hours. Iodine consumption l of oricinal. 

■Owing te) the extreme sensitivity of j8-tnalt-aiuylase to inactivation in the 
presence of slight, traces of most oxidising reagents the choice of reagents other 
than molt*cujar oxygen for tlu* oxidation of the dicnol group is limited, Pn*- 
treatment of the enzyme with ascorbic acid previously oxidised with iodine 
produces considerable inhibition although not as much as reduced ascorbic acid. 
For example, 5-min. treatments of 2 mb enzyme wdth 9*35 mg. of reduced and 

^ The atdeetive stabiUaation of ascorbic acid by barley extracts seems of interest not only in 
iMinnection with the present subject but also in suggesting a possible explanation of the specificity 
of ascorbic acid as an antisi^orbutio factor. It seems possible that the failure of reductone and 
dihydroxymaleic acid to protect against scurvy (as reported by Euler and Martins [1933] and 
Bahlmer [1934] respectively) may be due to the accelerated oxidative destruction of these dienol 
compounds in the presence of tissues in contrast to ascorbic acid which is known to be protected 
against oxidation. This suggestion is being invostigate<l with a wider range of dienol compounds 
than has hitherto been available and with a variety of plant and animal extrax'ts. 
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iodine-oxidised ascorbic acid produced inhibitions of 82*o and 53*5 % respectively. 
We are inclined to believe however that the inhibition in the latter case was due 
to traces of free iodine wdiich in a concentration of 3*3 x 10**"® N would account 
for this effect.^ 

In an investigation of tlie (jffects of a variety of oxidation systems on j9- 
malt-amylase (which will be described in a subsequent paper) it was found that 
potassium femeyanide and methylene blue produce only very slow inactivation. 
We have accordingly tried the cjffect of adding these substances with reduced 
ascorbic acid during pretreatments of the enzyme. Typical results are given in 
Table IV. 

Table 1 V. Pretreaiment with ascorbic acid in the presence 
of methylene bhie and potassimn ferricyanids. 

Enzyme, 2 ml.: ascorbic* acid, 0-1 m<^. in 1 ml.; methylene blue and 
potassiiim lerncyanide, j ml. of 0*00 J M sedntion. 

Relative activity 


Enzyme. Untreated (initial velocity 0*40i>) KK) 

Enzyme + ascvn’ bio ae hi, l*rctreated 15 min. 22 

Enzyme 4 ascorbic acid ^ methylene blue. Pretreateil 15 min. 57 

Enzyme 4 ferricyaiiide. l*relreated 15 min. 1)7 

Enzyme 4 ascorbic acid t femeyanide. Pretreated 15 rnin. 80*5 

Enzyme f a.scorbic acid ^ fcrncyanide. I’rctreated 2.5 min. 05 


It will be seen that TrudJiylen(‘ blue (which oxidises ascoriiic acid only slowly) 
decreases the inhibition appreciably and ferricyaiiide (which oxidises ascorbic 
acid moderately rapidly) almost entirely removes th<^ inhibition. 

Jt can be concluded from the results of the foregoing ('xperiments that the 
strong inhibition of ^-amylast* is duo to the reduced forms of the dienol com- 
pounds used. The regeneration of the activity of enzyme observed is elearly 
associated witli the aerobic oxidation of the inhibiting compound and it has 
been showm that treatment with the previously oxidised compounds prodmiCwS 
no inhibition. Moreover, the yiresenci' of medhylene blue and fcrricyanide to a 
great extent prevents the inhibition. 



Fig. 4. Relation bidwecn tlegree of inbibition and concentration of aaeorbic acid. Protreatment 
perio<l m min. The inrlicatcd amounts of a.scorbic acid dissolved in 1 ml. were added to 2 ml. 
enzyme. 

* Such inhibition by iodine-oxidised ascorbic acid, unlike that by the reduced miibstonoe, is not 

reversed by treatment with cyanide or hydrosulphite. This is also true of inoctivatiem by iodine^ 
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Relation between inhibition and concentration of ascorbic acid. 

In many experiments, particularly those of an exploratory nature, a pre- 
treatment period of 10 min. was used. Consoqnentl 3 ^ although no single experi- 
ment was designed to investigate the relationship between amount of ascorbic 
acid and inhibition, there are available a number of observations of the in- 
hibitions produo<?d by 10-min. treatments with diiferent amounts of ascorbic 
acid. These observations, whi(‘h were made at different times on three different 
enzyme preparations, sf»rv(' to illustrate the general form of the relation (Fig. 4). 
(In all these cases 2 ml. of enzyme were pretreated with 1 ml. of solution con- 
taining the indicated amounts of ascorbic acid.) 

The degree of inhibition rises rapidly with increasing amounts of ascorbic 
acid up to about 0*2 mg. (per 3 ml. enz^rne-inhibitor mixture) but above this 
range of concentration the degree of inhibition rises only very slightly' with 
increasing amounts of ascorbic acid. 

Table V. Progress of maltose 'production in digests tvith untreated 
enzyme^ inhibited enzyme and reactimted enzyme, 

Krizymc throughout, 2 ml. , as(‘orbK‘ acid 1 ml. O-OOl M solution ( ~ 0*17t> mg.) ; dihydroxy- 

malHc' a(ud (n.u.M.), I ml. 0*001 iU soIuIkuj (~:0 I48 mg.); rednrtone, 1 ml. 0*0023/ solution 
(s 0*1 76 mg.); oystoim*, 1 ml. 0 5 my. l alculated as hy<lrot‘hiondt*. 


t 

min. 

mg. 

malOise 
ptu* 5 ml. 

Slojie 
mg. nun. 

Initial 
veloeit y* 

i 

min. 

mg. 

maltose 

|x*r 5 ml. 

Slope 

mg./min. 

Initial 
velocit y* 




I’nutrnl.-i. 





(1) Enzyiiu' untreated. 

(-') 

Enzyme -f cysteine pretreated 5 mm. 

0*7 

1*9 

3*1 

4*3 

5*5 

0**42tl 

0*844 

1*239 

1*007 

1*9H0 

0*348 

0 330 

0-3005 

0-311 

0*350 

(HKM'el.) 

0*7 

1*9 

3*1 

4*3 

5*5 

0*405 

0*888 

1*270 

1*002 

2()7(i 

0*328 
0*318 
0*327 
i) 345 

0333 
(93-5 rel.) 




A.scorbie acid 

-treatoil. 



(3) Enzyme r a.s<'orl)ie acid —pret 

reated 10 min. 

(4) 

Kn/.ytne A- uscc^rbic aeid-— pretreated 
10 mm., then cysteine 5 miii. 

0*7 

1*9 

3*1 

4*3 

5*6 

0-294 

0*380 

0*439 

0*483 

0*500 

tb(>72 

0-000 

0*020 

0*014 

oso 

(23 rel.) 

0*7 

1*9 

3*1 

4 3 
55 

0*479 

0 840 
1*207 
1*505 
1*924 

0*306 

0*310 

0*298 

0 300 

(••310 
(88 5 rel.) 




Hediictone- 

-treaO'd. 




(5) Kiiayiiio -•rodin'tom‘ - 'pfvtrcatcd 10 xuiu. (6) Knz^'nic < roductoiie pretreated 10 min., 

then cysteine 5 min. 


0*7 

1*9 

3*1 

4*3 

0*320 

0*380 

0*40t» 

0-414 

0*050 

0*019 

0*004 

<1*060 
(17 rcI.) 

0*7 

1*9 

3! 

4*3 

0*040 

im) 

1*332 

1*050 

0*3(K) 

0*277 

0*270 

0*310 
(88*5 rel.) 




Dihydrnxymalcie 

acid— 

-treated. 



( 7 ) 

Enzyme -f 

-pretreated 10 min. 

(8) 

Enzyme -f P.K.M.—pretiH^ated JO min., 
then cysteine 5 min. 

0*7 

1*9 

3*1 

4*3 

5*5 

0*404 

0*600 

0-919 

1*100 

1*408 

0*214 

0‘210 

0*200 

0*202 

0-215 
{61-r. rel.) 

0-7 

1*9 

3*1 

4*3 

5*5 

0-529 

0- 952 

1- .352 

1- 749 

2- 137 

0-353 

0-334 

0-331 

0-323 

0*300 
(103 rel.) 


Extrapolated values. 
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Eeversal of dimol inhibition by hydrogen cyanide^ svlphydryl compounds 
and sodium hydrosulphite. 

In discussing the progress curves of maltose production (on which activity 
values are based) attention has already been drawn to the data of Table VI 
in which is shown the re-activation of the enzyme by cysteine after inhibition 
by the three dienol compounds. 

It will be seen that the control enzyme is not appreciably influenced by 
treatment with cysteine (Digests 1 and 2). Aftt>r treatment with ascorbic acid, 
reduetone and dihydroxymalcic acid the activity was reduced to 23, 17 and 
61-5% respectively of the control value (Digests 3, 5 and 7) and after the 5-min. 
cysteine treatment these values were increased to 88-5, 88*5 and 103 % of the 
control (Digests 4, G and 8). Ther(‘ is thus a nearly complete removal of the in- 
hibition by cysteine in all cases. 

Other reagents effective in reversing the inhibition are hydrogen cyanide, 
sodium hydrosulphite, thiosalicyclic and thiolacetic acids. With the j8-amylaae 
preparations used in this iru estigation^ none of these substances affected the 
activity of the non -inhibited enzyme to an ap])rociable extent except after 
prolonged storage at 0^’ when small activations by cysteine were observed, the 
greatest activation of this type being a 1G% increase in activity after pretreat- 
ment of 2 ml. enzyme for 20 min. with 4 mg. cysteine. In general pretreatraent 
of the control enz\Tne with these reducing compounds resulted in barely signifi- 
cant inhibitions (of the ordiT of 1 to 5 %). It may therefore be stated with assur- 
ance that the great iiKtreases in activitj^ observed after treating the dienol- 
inhibited enzyme with thesf* compounds are due to a n'versal of the dienol 
inhibition. 

In Table VT ai’c given the results of thr(‘e typical ex])criment8 illustrating 
the reversal of various dienol inhibitions by tlie group of activators mentioned 
above. 

Table VI. 



Inhibition hy 1 ml. 
cental uin;!: 

K cacti vat ion by 

T.V. 

Relative 

activity 

(Control 

-- 

- 

0-322 

100 


-- 

2 ml. O lV 1K^\— 5 min. 

0-31 H 

90 


04 mg. maleic « eid- 1 0 m iii . 


0-310 

99 


0-154 mg. D.ii.M.*-" 10 rain. 

- 

0130 

42 



2 ml. 0*1 .V HCN -5 mm. 

0-285 

88-6 


.. 

2 ml. ” 1 mu. cvHli-ine -S ram. 

0-320 

99-5 



2 mJ.“ 1 mg. Xh liydroMulpInte- ~5 min. 

0-317 

98-6 

Control 


— 

0-410 

100 


-■ * 

1 ml." 2 mg. evHteme - 5 mm. 

0-435 

106 


0 75 mg. a.Mcorhic a('id -10 min. 

0-018 

4-6 



2 ml. 0-1 .V HC\-2ram. 

0-32<» 

78 



2 ml. 0-1 .V HON -7 mm. 

0-380 

92-6 



1 ml." 2 mg. fvsteim* -5 min. 

0-330 

80-6 



I ml. — 2 mj’. thioNih(‘yv!i<‘ acid -7 min. 

0-375 

91-6 



J inl.H 1-6 mg tliiolaw'tir aeid -3 mm. 

0-316 

77 

Control 

- 

2 ml. =,2 mg. hydrosulpiiite- (i min. 

0-342 

100 


— 

o-3:io 

96-6 


0*1 mg. reduetone-— 10 min. 

- 

0-110 

32 


.. 

2 ml. 0-J;V UOX — (1 mm. 

0-330 

96-6 



2 ml.s4 mg. cysteine— 0 min. 

0-316 

92 



2 ml.^2 mg. hydroHulphile- (> min. 

<h280 

82 


* D.u.M.^dihydroxymakic acid. 

^ In an inveytigation briefly reported earlier |Haue.s and Barker, J 931 ) eyanid© activations 
of certain jS-amykse preparations from barley wore obnerved. 
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Exp. A shows complete reversal of a 58% inhibition with dihydroxymaleic 
acid by cysteine and hydrosulphitc treatments and a considerable nmctivation 
by cyanide. The activity of tlu' non-inhibiied control was not influencod by 
cyanide pretreatment. Wv hav(‘ included also with this (experiment an obser- 
vation which shows that mahdc acid (mmtralisi'd to 2>ii usual with reagents 

used in pretreatment) does not influence the activity of the enzyme. 

In Exp. B are shown the effects of a variety of reactivation treatments 
(using cyanide and thrc^e different sulphydrjd compounds) after an almost 
complete inhibition by ascorbic a (id, and in Exp. 0 art* shown rea<*tivations 
after reductone inhibition. The control erjzymes in these cases showed re- 
sjx^ctively a slight activation with cysteine and a slight inhibition with sodium 
hydrosulphito. 

It is felt that the examples givtm in Tables V and VI are sufficient to establish 
the fact that the inhibition of jS-nialt-ainylase by the three dienol compounds 
can be reversed completely or nearly f^omplekiy by tniatmcnt with (;3^anide, 
hydrosulphite and various sulphydr^d compounds. On the basis of numerous 
additional data now at hand it may be said that the (‘oneeTitrations of the 
differc'nt activators used in the above experiments are suffick*ntly great to induce 
maximum rates of reactivation, although in some* of tlie exjK*riments the duration 
of tr(*atinent was not long enough to allo^ the maximum reactivation to occur. 
A fuller discussion of the time* n‘lalion.s of the reactivation and the ndatiomship 
iK'tween the activity of tin* (uizjuiie and the concentrations of dienol and 
activator is, however, l)(*vc)nd the .scope of tlu* data now" available. 


The effeda of other facUtrs on the inhUdtion by ascorbic acid, 

(a) The. effects of added iron and copper. Papain although inhibitt*d by 
ascorbic acid alone is activated by tr(‘alrucnt w"ith ascorbic acid plus ferrous 
sulphate according to the? oKservations of Maschmaiin and Helmert [1934|. In 
view of this effect, /3-maIt-arnvIase was subjected to similar treatment. It was 
found that the addition of f(*rrous sulpliate w ith ascorbic acid n^sulted in slightly 
increased inhibition. Pr(*tr(*atnK*nt of )3-amvla.se, with ff*.rrous sulphaU' alone* 
causes considerable inactivation; thus a. 3-min. pretreatnumt wdth 0*9 x 10'^ M 
ferrous sulphate produced an 8*^^, inhibition. With the high(*r concentrations 
such iiH were applied to papain by Maschmann and Helmert considerably 
greater inhibition r(*sults. We give an example in which the concentrations of 
iron and ascorbic aend are the same as those reported to activate papain. 2 ml, 
portions of enzyme were pretreated JO-5 min. with (a) I ml. ferrous sulphate 
(^3-15 mg. Fe804,7HaO), (/>) 1 ml. ascorbie acid (=^0*2 mg.), (r) ferrous sulphate 
plus ascorbic acid. The observtxl inhibitions w^ere 03, 8(i and 89% respectively. 
It can be concluded that added ferrous iron does not have the effect of con- 
verting the inhibitory (effect of ascorbic acid into an activation in the ease of 
^-amylase. 

The addition of traces of copper sulphate in coneent rations so low as to 
produce only slight inhibition when used alone were found greatly to increase 
the inhibition by ascorbic acid and reductone. It was found moreover that such 
inhibition in the presence of coppiu- w^as only slightly reversible by subsequent 
treatment with hydrogen cyanide. Examples of this effect are shown in 
Table VII. 

We are here reminded of the observations of Maschmann and Hcdmert on 
papain and Euler el al, [1934] on liver oathei)sin that the addition of traces of 
cupric salts with ascorbic acid causes inhibition. 
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Table VII. 

A. Effect of addition of traces of copper sulphate with ascorbic acid. 


Relative 
i.v. activity 

(1) Control 0-376 100 

(2) Control ^ 20y CUSO4 — 5 min. 0-340 90*5 

(3) Enzyme 4 0-1 ascorbic acid — 5 min. 0-095 25 

(4) As (3) follovvod by 2 ml. (>*1 A HC.V — 8 nun. 0*352 93*5 

(5) Enzyme nm. asc^orbic arid -I- 2(Vj' CUSO4 — 5 min. 0*(K>5 1*3 

(6) As (5) followed by 2 ml. 0*1 A HCN — 8 min. 0*155 41 

B. Effect of addition of traces of copfier sulphate with reductone. 

(1) Control 0*310 100 

(2) Enzyme i-O-l mjj. rediu ttme- 10 min. 0*044 14 

(3) As (2) followed by 2 ml. 0*1 A HCN- -6 min. 0*295 95 

(4) Enzyme f 0*1 reductone 4 'Jy CmS04— "10 min. 0 0 

(5) As (4) followed by 2 ml. O lA HCN — 6 min. 0*130 42 


(I/) The presence of acetate buffer. The addition of the acetate buffer, which 
was used in maintaining the acidity of the starch digests, to the enzyme dming 
pretreatment with ascorbic acid was found to increase the inhibition. For 
example, the addition of 0-01 J/ acetate oip^j 4-7 during a lO-min. pretreatment 
with 0*05 mg. ascorbic acid increased the inJiibition from 53 to 86%. Whether 
this effect is attribiitabl(‘ to the increased acidity or to the presence of heavy 
metal impurities in the buffer has not bt'en determined. Jt is mentioned merely 
as offering an exf)lanation, at least in part, of the falling reaction rates observed 
in digests with inhibited enzyme (p. 2590 above). 

(c) Exclusion of oxygen during prefrealmcnt . We mention finally an exjH^ri- 
ment in which the enzyme was pretreated wdth ascorbic acid in th<'. absence, of 
oxygen. Use was made of a small glass vessel with two limbs in which wi're 
placed separately 2 ml, enzyme and 1 ml. of astjorbic a(id containing 0*2 mg. 
The vessel was evacuated by means ol an oil pump so as to induce gentle boiling 
of the solutions at room temperature. This was continued for 5 min., the vessel 



Fig. 5. iVogroHs (turves of proffijctifuj with untn ati^d ouzyine and enzyme pretreatod 

15 min. with 0*2 ing. ascorbic ai-id (a) in air, (/>) in absence of oxygon. 

being shaken continuously. The two solutions were then mixed, tipping from 
one limb to the other several times, and were left 15 min, in the evacuated 
vessel. The vessel wm then opened and the inhibitor-enzyme mixture was added 
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to the digest, the vessel bcnng rinsed out with the digest fluid. A second portion 
of enzyme was then pretniated in the same vesse] without evacuation. The 
progress curves for these enzymes, together with that of the untreated control, 
are shown in Fig. 5. 

It will be seen that the exclusion of oxygen during pn'treatiiKmt had no 
significant effect upon the development of the inhibition, tlu^ initial velocitit^s 
of maltose production being the same and indicating an inhibition of approxi- 
mately 80% of the untrcatc^d control. (The mon* rapid fall in the reaction rate 
in the progi'ess curve with enzyme pretreaU‘d anaerobi(jally is possibly not 
significant since as we have mentioncnl earlier considerable variability in this 
effect is encountered.) 

Discussion. 


The ex{)erimental results demonstrates that j3-inaJt-amyiase is inhibited by 
the reduced forms of /-ascorbic acid, reduetone and di)iydroxymal(‘ic acid. 
These (compounds, whose formulae are set out below, have in common the 
possession of the stronglv' reducing dienol gi*ouping but are in other respects 
widely dissimilar. 


H()( 


HC 


1 


C\U) 


I 

HOC 


Hocn 

L 


OH 


Hoi’ 

jkjIh 



:x>oH 


/-AHcorbic 

acid 


Hcductdiie Di hy droxy m aleic 

aciil 


That the inhibition of the enzyme by the three compounds is of the same 
nature is strongly indicated by certain peculiarities of the effect in each case. 
The unusual features of this j^articular type of inhibition an? that it is reversed 
on the one hand by oxidative treatments which destroy the dienol grouping, 
and on the other han<l by the addition of a variety of reducing substances (of 
widely different reducing power). We are thus led to the conclusion that the 
inhibition is due to the presence of the dienol grouping, and moreover that the 
inhibitory action of this grouping is not due merely to its reducing properties 
but is more specific in nature since the effect is reversed by the addition of other 
I’educing substances which have no appreciable effect on the activity of the non- 
inhibited enzyme. 

It is worthy of mention that dihydroxymaleic acid produces a considerably 
smaller inhibition than ascorbic acid or reduetone in the same molar concen- 
tration, the latter two compounds inhibiting to approximately the same extent 
{cf. p. 2592). This fact suggests that the particularly reactive *‘endiol cjonfigura- 
tion which occurs in ascorbic acid and reduetone possesses a greater mhibitor\^ 
power than the dienol grouping as it occurs in dihydroxymaleic acid. Further 
investigation to test this suggestion is desirable. 

The most unusual feature of this inhibition by dienol compounds is its 
reversibility either by oxidative treatments or by the addition of a variety of 
reducing substances. Thus we have presented data illustrating reactivations on 
the one hand by molecular oxygen, methylene blue and ferricyanide, and on the 
other by sodium hydrosulpliite, sulphydryl compounds and cyanide. 
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The mechanism of the reversal of inhibition by oxidative treatments would 
appear to be relatively simple and would seem to be the result of the destruction 
of the inhibiting group by oxidation. (It seems probable from the results with 
ferri(*yanide that the oxidation of ascorbic a(iid to the reversibly oxidised state 
destroys the inhibitory action alth<jugli this cannot be held to ho definitely 
established, cf. p. 

The mechanism underlying the reversal of the dienol inhibition by cyanide, 
hydrosulphite and sulphydryl coni])ounds remains obscure and our piesrmt data 
are inadequate for its elucidation. The dilt'erent (^as(\s in which activations of 
other hydrolytic enzymes have be(‘n repork‘d by members of this same group 
of substances would appe^ar to involve effects of two distinct types: (1) the 
removal of heavy metal inhibitors (in which ease the activators are effective by 
virtue of their ability to form (?omplexes with the inhibiting metal ion): (2) the 
reversal of inactivations which are the result of reversible oxidation of some 
essential part of the enzyme compk^x \e.g. Hellerman and Perkins, 1934], It is 
evident that serious difficulties are (uicount(u“C‘d in attt*mpting explanations of 
the inhibition of jS-amylase by dienols and tlu‘ reactivation by the group of 
activators mentioned, along either of these recognised lines. It is hoped that 
additional data bearing on this ])robl(Mn will bt^ availabk‘ shortly. 

Although the nu'c-hanism remains obscure, the effetd appears of conskkMbk' 
interest as representing a ty[M' of redaction whi(‘h may be of importance in the 
physiology of ascorbic acid. We refer in particular to th<^ opposing actions of 
sulphydryl compounds on the one hand and of ascorbic acid on the other in their 
effects on this eiizynu^. In this connection the observation of Birch and Dann 
[1933] that ascorbic acid and glutathione occur comnumly togtdher in tlie 
tissues of the animal body is suggestive. Whik^ these authors regard the paral- 
lelism in distribution as evidence that the two Hubstan(‘(^s tiro components of a 
single oxidation system, our pres(uit effect suggests the possibility that tht^y may 
function as the opposing elements of an enzynu' r(‘gulatory mechanism. 

It may be stated tiually that there remains th<^ possibility that eth'cts of a 
similar nature to thosi^ dcscrib(*d for ^-malt -amylase may occur with oilier 
enzyme systems. In particular, atbmiion is calk‘d to the cases of papain and 
urease which are inhibited by ascorbic acid according to the re]X)rts of Masch- 
mann and Helmert [1934] and Edlbaidier and Leuthardt [1933] n^spectively. 
(It is to be noted that papain, unlike j8-amyhise, is activated by ascorbic acid 
plus iron.) Both papain and urease arc known to be activated by cyanide, 
hydrosulphite and sulphydryl compounds after certain ‘‘heavy metal*' and 
“oxidative’’ inactivations [Hellerman and Perkins, 1934; Hellerman pI al.^ 1933] 
and it would be of great intf^rest to know whether the same group of substances 
is effective in reversing the reported inlnbitious of t/hese enzymes by ascorbic 
acid, as is the case with j8-malt-ainylase. 

Summary . 

1. Treatment of jS-malt-amylase with reduced ascorbic acid results in in- 
hibition. The inliibition is not “instantaneous** but requii-es a measurable time 
for maximum dovolopmont. During proloiig(id pretreatment of the enzyme 
with ascorbic acid a slow regeneration of activity ocjcurs. 

2. Reductone and dthydroxy maleic acid likewise inhibit the enzyme. The 
inhibitions by equivalent concentrations of ascorbic acid and reductone are of 
the same order, which is considerably greater than that by dihy<||roxymaleic 
acid. 
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3* During pretreatmont of the enzyme wiiJi reducioue and dihy<iroxymaleic 
acid a relatively rapid regeneration of activity oticurs. 'I'his reversal of the 
inliibition is shown to be related to the destruction of the dienol grouping by 
oxidation. 

4. It is shown that the prestinee of the enzyme extract ])rotects ascorbic 
acid against oxidation whej’eas it accelerates the destruction of reductone and 
dihydroxymaleie acid. 

5. Preliminary aerobic oxidation of ascorbic acid and leduciont* destroys 
their inhibitory power. 

6. The addition of meth yl(^n(‘ bhiv, and ferricyanide (whicli (ixert only very 
slight inhibitions on the enzyme) reverses the inhibition by ascorbic acid. 

7. The addition of liydrogen cyanide, sodium hydrosulphite, cystc'ims tint)- 
salieyclic acid and thiolacetic acid n* verses the inliibition by the thrtM* dienol 
compounds. 

8. The addition of hurous sulphate has little effect upon the degree of 
inliibition by ascorbic a(*id but traces of cojipc'j* cause increastMl inhibition. 

9. Exclusion of oxygen docs not significantly affect the developnuuit of the 
inhibition. 

I wish to express my indebtedness to Mr James AiexandtT for invaluable 
technical assistance. 
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Brown and Hill [1923] have piibliahed the last direct measurements (known 
to the wi’iter) on the heat of reaction of oxygen with haemoglobin. Since then, 
the subject has lain practicially dormant, nor has much attention been given 
to the allied problem of calculating the heat of this reaction indirectly from the 
effect of temperature tipon the oxyhaemoglobin dissociation curve. Great 
advance has, however, been m<adc in the (du(»idation of other physico-chemical 
properties of haemoglobin; notably in regard to the molecular weight [Adair, 
1925, 1,2; Svedberg and Fahraeus, 1920], and in regard to the titration curves 
and buffer power of oxyhaemoglobin and reduced haemoglobin [V^an Slyke et al.^ 
1921 and onwards — summaj ised by Peters and \"an Slyke, 1931]. This new know- 
ledge has much bearing upon the thermochemistry of the oxygen-haemoglobin 
reaction, and indeed points to (^t^rtain gaps and doubtful assumptions in the 
previous work. 

The objects of the present series of papers W(Te as follows : 

(a) To test by dire<}t calorimetry whether the heat, Q, per g. mol. of Og 
(or CO) combining with haemoglobin, when this amount of Ojj (or CO) is em- 
ployed in saturating the hac'.moglobin partially, is indefx^ndent of the percentage 
saturation attained. 

Direct teats of this kind do not seem to have been made and ptThaps would 
hardly be worth making if the r(*action between oxyg(‘n and haemoglobin wore 
a single, straightforward reaction, i.e. 

1 mol. oxygen +1 mol, haemoglobin 1 tnol. oxyhaemoglobin. 

Since, however, the molecular weight of hatmioglobin is 68,000, one molecule 


of reduced haemoglobin combines reversibly with four molet^ules of oxygen, 
which, as suggested by Adair [1925, 1, 2], it probably does in four iiitermecfrate 
stages, viz. : 

Hb4 + 0 ^ Hb402 equilibrium eonstant hrat of reaction 

Hb/)^^ 02:;i:Hb4()4 „ K, „ qI 

+ Oa »’ 3 ff 




Hb^Og 


A'* 


^4 


Qi, <> 2 > Q 4 necessarily be the same: if they are diffetent the overall 

heat, Q, might not be independent of the percentage saturation. If the latter 
were indeed found experimentally to be the case, it would be concrete evidence 
in favour of the intermediate compound hypothesis: a converse finding would 
not, however, disprove the existence of the intermediate compounds. This 
point will be discussed more fully in a later paper. 

(b) To test whether the heat of reaction of oxygen with haemoglobin is 
affected by (i) laking of the corpuscles, (ii) purification of the haemoglobin. 

( 2604 ) 
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No definite information on either of these i)oints seems to be available in 
the previous literature of the subject. 

{c) To investigate further the relation between the hc^at of the reaction, 
the and the buffer c<jntent of the solution. 

Brown and Hill f 1923] wore the first to point out that the heat evolved when 
oxj’^gen combines with haemoglobin is really the sum of the heats of three 
separate processes. 

(i) The primary r(‘aetion between oxygen and haemoglobin— the heat per g. 
mol. Og combining being of tlie order (»f 11,000 to 14,000 calories. 

(ii) Oxy haemoglobin being a stronger acid than reduced hafimoglobin, 
oxygenation of the. latter leads to the splitting off of H ions, probably from a 
Rpe<ial NHg*^ group in the neighbourhood of the haematiu nucleus (which group 
may, following Van 81yke, be referred to as the oxy-labile group). The heat 
absorbed per oxy-labile H ion so liberated is considered to be about 10,00(1 
calories. 

(iii) The lib(*rat(*d oxy-labile H ions rlo not remain free in solution but are 
removed by the buffer su1)stan<‘es present therein. The accompanying heat effecl 
obviously dep(‘nds on the n*spectiv"o eoneentrations and heats of ionisatirm of 
the various buffer systems. 

On this basis it is clear that the ‘'overall ’ heat dc^peiids not only on the 
ha(‘moglobin but also on the nature and concentrations of all other buffers in 
the system. Under eerlain conditions indeed (^^ infra) tlu^ overall heat may bo 
expected to differ (*onsiderably from the heat of the })rimary proce.ss (i). 

Brown and Hill’s detailed working out of this conct^ption requires revision in 
the light of our more recent knowledge: further data over a wider range of pjf 
an* also desirable. 

(d) Hartridge tind Roughton [1923, 1,2: 1925], with the aid of their rapid 
V('locity teclmiqiu*, have shown that the comhinatiun of oxygen and haemo- 
globin is, und(T normal ciuiditions, complete in about 1/100 see., if the difference 
in optical propertie'.s of oxy- and reduced haemoglobin is used as the crit(*rion 
of the chemical changt*.. It would be of intere.st to know whether tin* large h(*at 
effects associated with tht* reaction also o(‘cur at the same speed: a diserepaney 
th<*ivfrom would be of much significance for it would havi* to be attributerl to 
the oc(*urrence of sonu* other reaction besides the primary combination of 
oxygen with haemoglobin, which would of course entail a revision of our views 
as to the mechanism of the whole process. 

This cpiestion cannot, like the others, be taeklt^i by the ordinary methods of 
slow calorimetry for in these th(' t.em|X'rature changf*s to be measured are spread 
out over a period of 10 min. or more, owing to the slowmess of diffusion of oxygen 
in solution and the sltmmess of heat conduction within the calorimeter: it 
requires instead the application of the rapid method developed by Roughton 
11930,1,2]. 

(e) To compare in the ease of purified haemoglobin solutions the heat of 
reaction of oxygen with haemoglobin, as measured directly, with that calculated 
indirectly from the cflFect of temperature on the oxyhtuuuoglobin dissociation 
curve by means of the van’t Hoff isochore. This has not been attempted since 
the pioneer work of Barcroft and Hill [1909J in w’hich, however, remarkably high 
values for the heat of reaction were recorded. Both in the latter work and in 
that of Brown and Hill [1923] on whole blood the oxygen contents of the 
solutions w'ere estimated l>y the Barcroft-Raldane blood -gas methods, which 
are now known to give results which wee. often, though not invariably, too low 
[v, Abeloos et al., 1928]. 

Biochem. 1935 xxxx 
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Fairly complete sets of experiments on questions (a) and (6) are given in 
this paper, together with experiments and detailed theory in regard to question 
(r). Question (d) is dealt with in the succeeding paper by Rateman and 
Roiighton whilst in a future pajxT it is Jioped to give a comparison of the heat 
measurtxi directly for purified haemoglobin solutions, both at b*8 and at 
ca, 9-5, witli that cal(!ulated indirectly from tlio effect of temperature on the 
oxyhaemoglobin dissociation curve togethej* wdth some theoretical considerations 
arising therefrom. 

The present paper is (confined on the (experimental side to direct measure- 
ments of the heat of reaction by ih(‘ (dassieal method of slow (calorimetry, the 
technique for whicli will first he descritxed : then follow the experimental 
results, together witli some theoretical discussion arising out of th(^ (effect of 
on the directly measured heats. 

Unless otherwise stated detibrinat(‘d ox blood, from the slaughter house, 
was used for the experiments given in those jDapers, whether on whole blood or 
on purified haemoglobin. All experinuents were done at 19-20^; oxygen con- 
tents WM'.re estimated, wht‘n recpiirod, in the Van 8Jyke-Neill constant volume 
apparatus. 

The figures given in tliis pap(‘r refer throiigf'out to the heat of the 
reaction 

1 mol. Og (gas phas(‘) -f- Ub (in solution) - OgHb (in solution). 

The heat of solution of Og, riz. 281)0 (^aiones at I?"’, must be subtracted from 
them, if it is desired to obtain the heat of the rt^action 

1 mol. Og (in solution) + Hb (in solution) -- OgHI) (in solution). 

Expbrimkntal methods. 

In general outline the m<*thod used was as follow^s. 

Reduced blood (or hatmioglobin solution) was shaken with oxygen or carbon 
monoxide in one thermos fiask, and the temperature difference Ixct ween this and 
a second thermos fiask, containing the same amount of Iluid but with no 
chemical reaction occurring therein, was measured th(crmo-electricaUy. The 
technique embodied certain features of the dittbnmtial m(*t/hod of Hill [1911], 
and also of the respective methods of Brown and Hill [1923| and of Roughton 
[1930, 1,2]. The details of the apparatus w'^erc largicly governed by what parts 
were at hand or readily available. 

(a) The calorimeters and their contents {v. Fig. 1). These consisted of two 
thermos flasks Th\ capacity 400 ml. each, and selected so as to have os 
nearly the same thermal conductivity as possible. A narrow-mouthed variety 
of flask (1 in. diameter mouth) was used, so as to cut down heat exchange through 
the mouth. The flasks were each fitted with rubber corks, through which six 
holes were drilled. Through two of these holes passed thick-w^alled glass capillary 
tubes (internal bore 1 mm.) which were used for filling and emptying the flasks 
wdth liquid and/or gas. (These tubes ended flush with the inside surface of the 
rubber cork.) Two other of the holes were used for the glass U*tul)es f/, C7', 
through which could be circulated a stream of constant-temperature water, so 
that the internal temperatures of the flasks c;ould by this means be reaclily 
adjusted so as to be as nearly as possible equal to one another and to that of 
their outside environment. The fifth hole convoyed the connections of the electric 
heater, which was used to calibrate the flasks, whilst the sixth hole conveyed 
a glass tube Ty T reaching to the bottom of the flask and closed at the lower end. 
Those tub(^B were filled with water, the thermo- junctions were then placed inside 
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them and the top ends sealed so as to prev<'nt evaporation of the water. Furth(*r 
details as to the electrie heating and the thcTinoeouples were as follows: 

(b) The ehctric heuters. These were mad<‘ of linci constantan wire and each 
had a resistance of about 1 10 olims. The lu^atiiig curr<‘iit was furnished by six 
2-volt aeenmnlators in series, and was measured by a mill iam me ter. The heat 
supplkid ™ (eurr(‘ut)2 x (resistance) x (time). 

Tlie eurnait was usually SO-100 milliamjjs, the time 100 se(^ and the heat 
supplied 10-12 (;al(»ri(‘s. 



Fip:. 1. Tbo <‘aloriin<'tor. .‘\iTan|if‘ment and voniiertions of thermos flasks in box attached 
to shaker. In ord(T to make the interior construction of the two flasks clear, the spiral 
tubing which actuaJl'v encloses the flasks completcdy is shown as cut away except at the bottom 
of the flasks. 

(c) The fhermocoupli .v. These were made of eopf)er and constantan and were 
bent into the sha}>e ol* a U, one limb of which (consisting of the warm junctions) 
was })iished into T, whilst the otht'r was pushed into T\ From the centre of the 
U heavy letuls connected to the electric recording sy.stem. Sufficient sensitivity 
was attained with only t\^'o or four thermo junctions. The electrical resistance 
of the thermocouples was from 10 to 20 ohms, and the thermo-electric current 
was measured by direct detioction of the galvanometer, not potentiometrically, 
since the k.jh.f. s devtdoped were so small. 

(d) The hmi insulation of the thermos flasks ami constancy of temperature of 
external environmeuL Each of the thermos flasks was completely encased from 
top to bottom by a close-fitting spiral of lead tubing, which was connected with 
a supply of constant-temperature circulating water (constant to ±0*05 ‘). The 
two flasks and their encasements were then buried in cotton- wool (1 to 2 in. 
thick) in a metal box, which was attached in a horizontal position to a board 
hinged to a large shaking machine. The latte^r, when sot into operation, tilted 
the flasks to and fro about 100 times per minute. This rate was usually enough 
to bring the fluids and gases into thermal and chemical equilibrium in about 
15 min., without at the same time causing any serious temperature differences 
between them due to the mechanical heat of fluid friction. In an actual experi- 
ment, after the requisite solutions had been placed in the thermos flasks, the 
shaker was started, and the constant temperature water was circulated rounil the 
outside of the flasks and through the inner tubes U, U\ 
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Usually after about 2 hours’ circulation the interior and exterior of the 
thermos flasks were sufficiently near to each other in temperature for the actual 
experiment to be performed. 

At this stage the inner circulation through U and U' was, by suitable mani- 
pulation of clips on the rubber connections, cut off. From this point onwards 
the circulation only passed through the coils on the outside of the two thermos 
flasks. 

(c) Preparation of the reduced blood {or haemoglobin) and loading thereof into 
the thermos flasks. About 400 ml. of blood or haemoglobin were reduced in a 
2-litre bottle by continued boiling and shaking in vacito, according mainly to 
the directions of Forbes and JRougliton [1931], save that small doses of purified 
nitrogen were often introduced into the bottle aftei* f‘acli evacuation so as to 
make the foam subside more readily. 20 min. were usually enough for complete* 
reduction, but the procedure was always continued 5 to 10 min. more, to make 
sure that no oxygen was left in the blood. The bottlci was then filk*d with oxygen- 
fiH^e nitrogen (prepared frc‘sh for each <*xperiment by k(^eping commercial 
nitrogen in a lO-litrc* bottle ov(‘r a solution containijig 20% sodium hydro- 
sulphite and 1 % sodium ^-anthracjuinonesulphonate) and immcjrsed upside 
down for 1-2 hours in a water thermostat of the same temj)crature as the 
circulating water, so ns to be at about tin* right temperature before b(‘ing ])ut 
into the thermos flasks. 

A known volume, usually 195 ml.. of reduced blood (or luumioglobin solu- 
tion) was then transfiTred without contact, with oxx'gen into 'fh and the same 
volume, though not necessarily of the same fluid, transferrofl into 7'h\ 
Th and Tld were finally left full of oxygen -free aitrog(*n at atmospherics 
pressure. 

(/) Further procedure during an actual ixperimenL Duritig the temperature 
equilibration in (c), the shaker was eontinually in motion. After about 1 hour 
the ‘‘inner’’ circulation was c*ut oft*, and galvanometer readings of the tem- 
perature difference between Th and Th' were taken every rninutc'. If the tem- 
perature difference was small enough (i.e. <0*1) and if the rate of drift of the* 
temperature difference was also sufficiently slight {i.e. of tlu^ order of O-Odd] "’ 
per min. in good experiments) the exp<*riment could be continucKl. In certain 
eases the drift was much faster and could not bo cut down. In thc^sc*, and in 
other cases, where necessary, the drifts were allowed for by means of the usual 
“cooling curve” procedure. 

The first thermos was then calibrated by eiectrict heating for 50 to 100 sec., 
the shaker working the whole time. Galvanometer readings were taken at minute 
intervals for 5 min. after the heating. Jiy this time; c*onditioiis were steady again. 
The second thermos was then calibrat<*d in the same* wav. 

From 10 to 50 ml. of gas (Og or GO) were then measured into a burette with 
mercury reservoir, and forced by the latter iiito one* of tJie thermos flasks. The 
gas was as a rule either dry or saturated with watc*r vapour, (.brrections were 
applied for the heat effecits due (a) to the compression of the gas into the flask, 
{b) to the water vapour in the gas but not for (c) the difference in the temperature 
between the gas and the inside of the flask, sincte corrcjction for this was found 
to be negligible. These corrections, as given by theoretical calculation, were 
only of the order of 5-10% of the observed heats. In control experiments, in 
which the thermos flasks held 1 % boric acjici solution instead of blood, anci in 
which similar volumes of air were forced in as above, the heat oftbots found 
agreed closely enough with those calculated on the same basis as the corrections 
just described. Brown and Hill [1923] avoided these corrections by a special 
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procedure, and their final accuracy was, on this account, probably better. The 
present technique, however, has the advantage of enabling the heat liberated 
when succ(?S8ive amounts of CO (and in some cases of Og) are introduced into the 
same flask to be simply nK^asured, 

The iritroduction of t he gas took about 2 min., during which time the shaker 
was still. Th(i shaker was then startcid up again and galvanometer readings 
taken every minute, for about 20 min. The chemical ynocc^ss, as a rule, was 
flnished in 10 min,, and the remaining lO-min. period was used for flnding out 
the rate of drift again. 

The si'Cjond thermos flask was then treatcnl in the same way. If necessary 
the first tluuinos was again treated with gas, and then the sc^cond and so on — 
the two thermos flasks always bedng treated alternately so as to keep the tem- 
perature dilfcu*eno(‘ between the two flasks small. 

At the end of the experiment th<‘. flasks w^ere tilted vertically and, if required, 
>)lood w^as run out from each under paraffin oil for analysis of its gas eontcuit in 
th(^ \’an Slyke-Noill apj)aratus. Since the blood was initially reduct^l, the Og 
or C.O eontt‘nt so found --Og or CO uptake during the experiments apart from 
a small amount in physical solution, which could )>c allowed fur. 

In sonui cases the* gas uptake by the blood w^as obtained indirectly from the 
amount of gas ii)trodii(!t‘d into the thermos flask, the volunif^s of the gas and 
licjuid phases thendn and th(‘ oxyhatmoglobin dissociation curve. In a few 
experiments th(‘ final w^as measured by means of the glass electrofle. 

The tw^o fla.skH Wf're tluui thoroughly w^asliod out with water or dilute 
ammonia, and wctc finally left completely full with 1 % boric acid solution, so 
as to inliibit bacterial growilis. Th<' boric acid was not removed until the be- 
ginning of the next (‘xperiujent. 

Th<* thermocouple w^is c^oniiected in series with a Zernicke Zb galvanometer, 
readings of w hicli were taken on a scah‘ at 4 metrcvS distance. The galvanometer 
was p<*rjnariently shunttnl with a mangauin resistanci* of about ot^ ohms, so as 
to give critical damping of the coil wdien a high resistanet* was in series with it. 
Th(‘ usual resistance in series w'as very low', i.e. ohms, so that the coil 

was oft>fm over-damped, but tliis did not matter in the pn^seiit w'ork. 

'Fhe stuisitivity ^'as from 1*5 to 0*0 mm. deflection per (1*001, A double 
potentiometer arrangement arrangi'd so as to b(^ as frt^e as possible from parfisitic 
K.M.F.’s, enabled the voltage sensitivity of the galvanometer to be checked with 
small micro-voltages, and also served partially to comptuisate the thermo- 
E.M.F.’s if the latter happened to be umluly large in any s])coial cas(\ 

(g) Pwrity of gase,s used. The earbon monoxide was ])repared from .sodium 
formatt^ and sulifljuric acid and was stored under a slight positive pressure 
over alkalin<‘ sotlium hydrosulphiU*. It wm therefore free of Og and COg, but 
usually contained 1-4% impurity which was presumably mainl>' nitrogen. 

The oxygen was drawn from an ordinary <*omniercial cylinder and was 
usually 99% pure. 

(h) Jc<*.uraci/ of the method. When whole blood, or haemoglobin solution of 
equivalent oxygen capacity, is saturated wdtli oxygen, there is a rise of tem- 
perature of 0*06-0* 10''. In good experiments the ttunperature difference betwefui 
the flasks remained constant to within 0*001'' after each equilibration, or failing 
that showed only a small and regular drift, the correction for which did not 
amount to more than 0*003-0*(X)4° ; the method was then found to be reliable 
on the average to ±0*002'' which would l)e equivalent to an error of ±cu. 300 
calories in the heat of combination of 1 g. mol. of oxygen with haemoglobin if 
the concentration of the latter is as in whole blood. 
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In poor experiments, in which tlie drifts were gieater or more irregular, the 
error might be 2 or 3 times larger. Amongst the causes responsible for such may 
be mentioned: 

(i) Unequal dimensions and/or thermal conductivity of the two flasks. 

(ii) Imperfect balancing of ihe fridional heat due to shaking in the two 
flasks. 

(iii) The occurrence of slow secondary proc^.sses. 

The flasks were thercdbre (‘arefidly chosen so as to be ecpiali in size and 
thermal conductivity (to within and wlnne })ossible the same solution 

was placed in each: in some of tht^ (experiments on purified hacmioglobin, this, 
unfortunately could not be done, owing to shortage of material. The experiments 
on purified haemoglobin wer(\ in fact, l(\ss satisfactory than those on whole 
blood, especially at 6-8: this w^as in part due to th(‘ n^ason just given, but it 
may also have been in part due to tlie readier denaturation of haemoglobin 
when pure and possibly to otlier causes as wtII. 


Experimental results. 

(a) Rehtion between heat Uberalejl and percentage saturation. 

Three or more instalments of gas (Og or C’O) w'cre forced into one or 
both flasks, and the heat devdopcd aft(T equilibration with each in turn was 
measured. The volume of gas so introduced was such as to saturate the Hb 
to about 25%. In this way several points wore obtained over the range of 
25-90 % saturation, 

Unfortunatel}’, however, the h(‘at developed is in (»ach case small, and the 
experimental error of the method therefore causes a correspondingly great un- 
certainty in the result. Thus e.g, if the temperature rise for 100 % saturation w^(Te 
0*1° (a normal figure) then the temperature rise for 25% saturation w’ouid be 
0*025®, if Q is independent of the % saturation: so an experimental error of 
0*001® would cause an uncertainty of 4% in the anHW(T, whilst an error as large 
as 0*005® would give a 20% unc(Ttaintv — a figure much too big unless very 
many experiments were done. Since whole blood generally gave more precise 
results than purified haemoglobin, the seven experimeiits on this question were 
all done with whole blood. Of these two were done with carbon monoxide and 
five with oxygen. 

(1) Experiments with CO. The first exp€*riment on this subject with CO gave 
most satisfactory results. Pig’s blood, treati*d wdth 1 % boric acid was used in 
each thermos flask. 

In Fig. 2a, the volume of CO add<'d is plotted against the heat change, 
expressed in cm. of galvanometer deflection. Owing to the very high affinity 
of the Hb for GO, the amount of residual CO left in the gas phase of the flask after 
each equilibration was negligible, and the CO iq^take is therf?fore simply equal to 
the volume of CO introduced into the flask. No corrections were made for the heat 
effects duo to the introduction of CO into the flask, since these being proportional 
to the volume of CO introduced, would not affect a linear relationship between 
heat observed and volume of CO introduced. The temj)erature after each equi- 
libration remained steady to within 0*0002® for 5 min., so no corrections for 
drift were needed. 

^ In the middle of the research one of the flasks was broken and had to be replaced 
quickly with another flask which was not a good match of the sound one, l^ter on, this was 
rectified. 
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l<or the three points shown in Kig. 2 a, the aetual values for the heat evolved 
dcfloctioii 
wer(3 m — rr-r: 

ml. (X) fuJdod 

0*556, 0*525 and 0*558 resx)ectiv(‘ly : Mean = 0*545. 


The largest discrepancy from the mean is thus only 100 x = % , 

and is thus well within the cxpcrhncntal error. 



Fig. 2. Relation bctu'oon volume of carbon monoxule added and heat evolved, 
when blood and gas jihas<‘ are ec{udil)rated. 


In the second experiment (Fig. 26) calf’s blood containing 1% boric 
acid + phosphate bufff*r. Jf/5, final about 6*8 was used. Tlu* blood in one 
flask w^as laked by freezing and thawing and in the other unlaked. This experi- 
ment, owing to drifts, was less satisfactory and the results were rather irregular, 
but in g('n(‘ral confirmed th(‘ conclusion obtained in the original experiment. 

(2) Ejcpcrimmts with oxygen. Ovdng to the smaller affinity of haemoglobin 
for oxygen (than for carbon monoxide), the oxygen uptake must be somewhat 
less than the volume of oxygen introduced into the flask. This makes it desirable 
to withdraw a sampk* of blood after each equilibration and analyse its oxygen con- 
tent in the Van SJyke-Neill apparatus. Unfortunately a single experimenter could 
not do this, as well as the heat experiment, within a period of 1 day — a necessary 
time-limit if disturbance due to changes in the blood are to be certainly avoided. 

The difficulty was got over in the following way. In the tw^o experiments 
shown in Fig. 3, the analysis of the 0^ content of the blood in the flasks at the 
end of the experiment showed that the residual O 2 in the gas phase was about 
10% of the total volume put in. In these cases the blood was more than 80% 
saturated, i.e. its condition was represented by a point on the flat part of the 
oxyhaemoglobin dissociation curve at the top. Now on the steep part of the 
curve below 80% saturation the residual Og in the gas phase must be less than 
10 % of the O 2 taken up, and, furthermore, inspection of the dissociation curve 
shows that over the range 25-80 % OgHb the relation between Og pressure and 
% OaHb does not differ from a straight line by more than 15% . If the experi- 
mental relation betw^een volume of Og introduced and heat produced be linear, 
then it follows that the correction for the residual O 2 in the gas phase would not 
cause a distortion of more than 15% of 10%, i.e. 1*5 % from a straight lino, 
if true O 2 uptake were plotted against heat over the range 25-80 % 02Hb. Since 
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such an error of 1*5 % is small compared with that of the metliod as applied to 
this problem, viz, 5%, it was considered that the ])lottiTig of vol. Oq introduced 
against heat developed gav(' a satisfactory test over the range of 25“-8()% 02Hb. 

The results of two experiments on two different specimens of ox-blood contain- 
ing 1 % boric aeid-f J/ /lO ])hospliat(‘ buffer m. 7-0 are given in Fig. 3 a and 6. 




Fig. Fig. 3t. 

Fig. 3. Rclalioii botwecu volume of oxygiui addod and boat (*vo!v<*d 
when blood and gas phase arc t'cpidibratcd. 


In Fig. 3a, the first four jioints lie on a straight lim^ to within 3 % whilst the 
last two points lie above the line owing to thc' fa(jt t hat the hlood was nearly fully 
saturated, so that a relatively larger correction for residual (>2 in the gas {>haN(^ 
would be necessary. In this ease the hlood was laked by addition of 1 % saponin. 

In Fig. Zb one thermos flask containcMl tht‘ above blood mixtnr<‘ un laked 
whilst the second contained similar blood mixtiins but laked by freezing and 
thawing. These points all fell on a straight line to within 

In a third experiment, not shown, on ox-blood -f 1 % boric? a.(?id pj, 7-o (about ) 
two points were obtained. For these the, divergence* from a straight line was 3 . 

Two other experiments also gave conlirmator> results. 

The general eoncluwsion is therefore that for oxygen, over the range in- 
vestigated, i.e. 25-80% saturation, and for carbon monoxide ever ihv range* 
investigated, i,e. 25-90%, the heat developed is within experimental error pro- 
poi tional to the gas uptake in the ease of whole blood, wdu^ther lakcxl or unlaked. 
Q appears to be independent of the percentage saturation within this range : these 
experiments therefore fail to yield any positive evidcnc*(* for tlu*, c'xisttmce of the 
intermediate reactions, though they do not, of course, disprove the possibility 
of their occurrence, 

(b) Effect of purification arid of taking. 

(1) Purification. The heat of combination of oxygen with haemoglobin in 
laked blood and in jiurified solution has been compared, both at 6*8 and at 
Pi, ctt. 9*5. The hofimoglobin was purified by Adair’s method [Adah* ei a/., 1921] 
in (*ach case. In the experiments at p^ 9*8 the purified haemoglobin was dis- 
solved in if/15 phosphate buffer, whereas the hiked blood contained i//l() 
phosphate buffer: had the importance of the concentration of the foreign buffer 
been ajipreeiated at the time the experimtmts wen*, done, the same concen- 
tration would have been used in the two cases. The discrepancy was, however, 
allow^ed for well enough by adding on a figure of 000 calories to the values found 
in the case of the Mj 10 phosphate solutions : this figure of 600 calories was 
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arrivcnl at by the method of calculation described in the thec^retical section below 
(q,vX Jri the comparisoji at alkaline ])oth the hiked Idood and tlu^ haemo- 
globin solution w(‘re bnuight to m. 9-5 by adding an a}>pr()priate amount of 
NaOH ; in this rangi» tlu* heat of reaction is theor<‘tically independent })oth 
of and of the preH(in(*e of foreign buffers. 

7'he results of these comiiarisons are shown in Tabic I. 


Table I . Comparison of hat of reaction of oxygen with purified 
haemoglobin and with hiked blood. 


Pl\ 

l*ure Hb 

J.aked 

blood 

Urilak< d 
blood 

(i’8 (phoH])]iat(> bullVr^ 


8,7(M> 

am) 

0-8 


9,400 

— 

(3'8 

tMMKI 

8,800 

_ 

U-5 (XaOH aH(ic(i) 

1 J.250 

13,400 



Tli(‘ h(*ats of t}i<‘ rt^aciion of oxygen with purified haf*moglobin are. on the 
average, 409 calorii s high(‘r than with laked blood, but the difference can hardly 
b(‘ r('garded as outside* (‘xp(‘ri mental <‘rror. 

(2) La king. Idiat Iak<‘d blood and unlak{‘d blood have practically the same 
h(*at of r<*actii»n at bdi-trS (phosphate buffer) is shown by Figs. 2b, lib and 
by th(‘ first line of Table L Tins p^^ range was cJiosen, because there is practically 
no differeact' in the H ion concentration, or a<;cording to Maiz(ds and Ham})son 
[nt27J in th(‘ phosphate (‘oncent ration. betw(‘(*n the interior of th(* red blood 
f^orpnscle anrl the surrounding fluid. In future experiments it would, however, 
for reasons given later, be better to com})are the heat of reaction of oxygen with 
corf)U8cles suspend(*d in isotonic NaCI, wdth tlu‘ Ix^at of reaction of the same 
sus})eusion w'h<‘n laked. 

(r) Lffeet of p^/ and foreign buffer content. 

Tahl(* li shows the luuit of reatdion of purified Hb (prepaied from the blood 
of s(‘Y(»ral diffen*nt animals) with oxygen at pjj ca. <)*S and ca. 9-5. The values, 
(Vilc'ulated indirectl>' from the effect of tcmpc’iaturc on the dissociation curve 


Table II. Heat of reaction of purified haeinogUdnn tcith oxygen 


at various p^j valuers. 

Dircctlv iiieasiired 

Heat (.alenlat(‘d 
indirectly from 
etieet of 
temperatur(‘ on 

p,i and butlor c(»Ti<‘<*ut ration 

h(*at 

divssoeiat ion curve 

ca. 0 8, ir> phoHjihati* 

9,(HKnLr. 700 

9,450 

ra, (bS, VI IT) phonphati* 

9,7(H>:i r. 7lM> 

9,45(t 

ca. 0-8, 4/ M phosphate 

8,800 

— 

ca, 7*5 diMiilk'd water 

12,000 

— 

9*9, 4// 10 borate 

— 

J5,0(K) 

c(i. 9*5 (by addition of Na(.)H to Hb 
in distilled water) 

12,400 

12,400 

<'a. 9*5 

14,250 

14,200 


of the same haemoglobin solutions (to be described in a later paper) are for 
conveniences also inserted. It will be seen that: 

(i) There is good agreement l>etwoeii the direct and the indirect h(>ats. 

(ii) The variation between diflerent samples at the alkaline reaction is about 
thi*ee times greater than at p^ 6*8. 

(iii) The average heat at the alkaline reai‘tion, viz. 13, 3(H). is about 
4300 calories greater than tlie heat at 0*8, Af/15 phosphate buffer, viz. 
9800 calories. 
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A immber of t^xperiments have also bc^en done on iinlaked blood treated with 
phosphate and borate buffers of various strengths. The results, which arc not 
included in this paper, did not show as large an influence of the foreign buffer 
concentration as would be expected on the basis of the theory to be given in the 
next section. It is known however that the concentration of th(i foreign bufter 
in the fluid outside the red blood corpuscles may, at equilibrium, be much 
higher under certain circumstances than inside the corpxiscles, and furthermore 
that equilibrium may be reached slowly. The foreign buffers may thus play a 
smaller r61e than if the haemoglobin solution were homogeneous. This makes the 
interpretation of experiments on unlaked blood obscure, unless there are no 
foreign buffers present at all in the blood: it is for this reason that any future 
experiments on the effect of hiking are to be performed on coi*puscles suspended 
in unbuffered NaCl solution. 


I'lTEORETICAL INTERURETATION OF THE EFFECT OF /)fj AND FOREKJN 
BXtFFERwS ON THE HEAT Ol*' REACTION OF OXV(;EN WITH HAEMO(iLOBTN. 

This problem has already bec'ii outlined under beading (c) (j>. 2(>05). In the 
quantitative treatment now to be given it will be assamod that: 

(«) The reduced haemoglobin is treated with enough oxygen to saturate it 
completely: this avoids com])lications from compounds interm(*diat(^ betwexui 
Hb 4 and Hb 40 g. 

(6) Of the H ions which combine w'ith haemoglobin on the alkaline side of 
the isoelectric point there is, per mol. of oxygcui- combining capai‘ity, only one 
(called the “oxy-labile ” hydrogen ion) whose ionisation constant is iiicreas(‘(i by 
oxygenation and lowTre*xl by reduction of 1 g. exjuivalent of haemoglobin. The 
experimental results of Hastings et al, 1 1924J are in accord with this view, though 
they do not prove it conclusively : so also arc* Hartridge and Roiighton's [1923, 2] 
observations on the rate of dissociation of oxyhaemoglobin at various value's. 
It is a reasonable theory from the chemical point of view and is the simplest way 
of accounting for several different kinds of exi)erimental result. It has thejcffore 
been thought fit to adopt it in this paper. 


Symbols and data required. 

Let [Hb“] = concentration in equivalents^ of reduced liaemoglobin, in which 
the ‘‘oxy -labile” hydrogen ion is split off. 

[Hb] = concentration of reduced haemoglobin, in which the ”oxy-labile” 
hydrogen ion is still attached. 

[OgHb""] = concentration of oxyhaemoglobin, in wliich the ‘‘oxy-labile” 
hydrogen ion is split off. 

[ 02 Hb] = concentration of oxyhaemoglobin, in which the “oxy-labile” 
hydrogen ion is still attached. 

A — total concentration of foreign buffer pcT eqiiivalent of total 
haemoglobin. 

[H'^] = h 3 ^drogen ion concentration of the solution in general. 

H=: hydrogen ion concentration of the solution afto oxygenation, 
hydrogen ion concentration of the solution before oxygenation. 


whence 


Kq^ oxy-labile ionisation constant of oxyhaemoglobin = 
[0«Hb-] Ko 




Total Hb”"Xo + H■^-• 

1 equivabut of hatuaoglobin amount which combineft with 1 g. mol. of oxygen, viz. 17,000 g. 
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For horse haemoglobin, in solutions of about the same total electrolyte con- 
centration as in the eases cal(*ulated below, Kq is about 10 at 38"^ according 
to Hastings el al. [1924]. Tlu* change of tcmpcu'aturo from 38 to 18'^ is allowed for 
by the Van’t Hoff isochoiMs assuming the heat of ionisation to be 9000 calories; 
this lowers the value of Aq from 10~®*^’ at 38"" to 10 at 18". 

In the cases calculated below at 18° Kq is taken 10“’**^, and = 

A'‘j{^=soxy-labile ionisation (‘distant of reduced ha(mioglobin = -~j^J-j^* J, 


whence 


Total Hb 


On the basis of the same considerations as thos(» just given for Kq , Kj^ is 
taken ==:= 10~®'® and ^^^ =8*5 at 18'. 

= ionisation constant of the w^eak acid constituent of the foreign buffer 
^ 20 - 0.80 at 18° for phosxihaU.^ buffer (M/IC)) 

= 10 at 18° for b(3rat(? buffer 

^heat of the reaction 024- Hlr > () 2 Hb"’= 13,400 cals. 


From th(* numerical values assigned to Kq and A"j:j it follows that at 
Pii >m, 9-5, both reduced and oxyliaemoglobin are almost (Uitirely in the oxy- 
labile ionised form. is therefore given by the average of the results at pyi 
ca. 9-5 in Tabk II, viz. 13,4(K) cals. 


beat of the reaction 0.2-l-Ilb->02Hb, assumed = 11, 4(X) cals. For thore- 
ducr*d and oxyhaemoglobinto be both entirely in the oxy-labile unionise^.d 
form, it would be nec'essary to work at jtiji < 5*0, which is unfortunately 
loo high an a(‘idity for the heat of reaction to b(‘ measured directly owing 
to t he diffi(;ulty of avoiding methaemoglobiu formation under these con- 
ditions. The value of 11,400 cals, is one which gives a satisfactory lit 
betw(xm the observed results of Table II and those calculat^ed by the 
theoretical method which follows. 

Qjj = heat of (Ximbination of 1 g. ion of H with haemoglobin whether in the 
oxy-labile jiosition or elsewhere = 90(Kl cals, (average of values given 
later). 

Stadie and Martin [1924] have given reasons for believing that the heat of 
combination of the oxy-labile H ion with haemoglobin is the same as the heat of 
combination of other H ions. 


=heat of ionisation of foreign buffer 
= KXX) calories for phosphate buffer 
=4000 calories for borate buffer. 

The buffer power symbols are given lato. 

Before proceeding to the theoretical calculation it is necessary to refer to the 
titration curve of haemoglobin, by which is meant the amount of alkali neu- 
tralised per equivalent of haemoglobin at varying p^. In Fig. 4 based on 
Peters and Van Slyke [1931, p. 538] are plotted three titration curves, of which 

00* is for oxyhaemoglobin. 

RB* is for reduced haemoglobin. 

XX' is the curve calculated for those ionisable groups of the oxyhaemo- 
globin or the reduced haemoglobin molecule, which are not affected by oxy- 
genation, and which in contrtSistinction to the oxy-labile part of the molecule 
may be called the “oxy-stable’* residue. 
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The curve XX' is obtained by subtracting the proportion of reduced haemo- 
globin which is in the oxy-labile ionised form at each Pu from the ordinate of 

the point on curve UR' at that pj, , i.e, a (piantity = for each equivalent 

of haemoglobin is subtract (m 1. Exactly the same curve XX' is obtained by 
subtracting, from ()0\ the amount of oxy haemoglobin which is in the oxy- 

labile ionised form at ea(‘h yq, , i.e. (*<iuivalent of liaemoglobin. 



Mg. 4. Titration curves of oxyhaemoglobin, jchIuccmI haemoglobin and “oxy-stable residue’’ 

of haemoglobin at temperature J8 ’ (ealculated from data of Hastings d ttl. (1924], and 

Stadie and Martin ( 1024 j. 

The curves plotted in Fig. 4 are for a temptaature of 18® and so are each 
shifted 0-5 pj:j unit to the alkaline side of the (corresponding curves given by 
Peters and Van Slyke, which arc for 38®. This (*orr('ction for the change of 
temjK)raturo is based (m Stadie and Martin's data [1924]. In computing the 
oxy-stable titration curve, A'^q has been taken) — Ur and 

Let jSQ = buffer power of oxyhaumoglobin at each pg 

= the tangent of the angle made with the pj^ axis by the tangent to 
the titration curve at each p^^. 

= similarly the buffer power of reduced haemoglobin, 

% 

jSg — buffer power of the oxy-stable residue of oxygenated or reduced 
haemoglobin. 

Let the point R' in Fig. 4 correspond to the condition of the haemoglobin 
solution when in the reduced state. 

Let the point 0 in Fig. 4 correspond to the condition of the haemoglobin when 
oxygenated. 
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Method of cdkuUition. 

We shall now show how to calculate f(»r the general case the heat liberated 
when one equivalent of haemoglobin is oxygenated. This involves: 

K * 

(i) Oxygenation of equivalents of oxy-labiU', ionised reduced haemo- 

K ^ 

globiii to equivalents of oxy -labile ionised oxy haemoglobin. 

Heat liberated = • 

(ii) Oxygenation of e(iuivalenls of oxv-labiie unionised reduced 

ir ” 

haemoglobin to - ^ etiuivalents of oxy -la! die unionised oxyhaernoglobin. 

J 1 c*at 1 i berated ~Quu jy • 

(iii) Unionisation of ( — ^ ' a- “w ) equivalents of oxv-lahile unionised 

oxyhaeinoglobin. “ ^ ^ 

Heat absr,rl«-d == (^„ ( j' j, ) • 

As a result of pro(*ess(\s (i), (ii), (iii) the oxyluKunoglohin is now at ecjuilibrium 
between the oxy-labile ionised and unionised forms at hvdrog(‘n ion conciui- 

tT'ation, H, but there liave bcuui liberated ( .r, - , I K- ions of hydrogen. 

(iv) ipn -^p}{) combine with the o\y-stable residue of the oxyhaenio- 

glohin moi,.-aU.. iPn'-Pn)- 

(' ) (q"*7c"“n : ^ ) taken iqi by the foreign buffer. 

Heat liberated = } • 

If there is no foreign buffer preseuit, the heat evolvinl in process (iii) is almost 
exactly eounterbalaneeii by that evolved in process (iv), and since there is no 
heat evolved by process (v), tlu' overall heat wdll Ik* simply the sum of the heats 
due to proeesses (j) and (ii), ?,e. 

Overall heat = ^,„, Vtn. A-Jbl * 

But if ther(‘ is foreign buffer present, the overall heat 

a-, 7 fli' + A 'k 7h ' " (a77¥-~ a„Vh) + ^ 

The relation between the before and after oxygenation is givtui by the 

equation \\ \__a , . \ 

(a7TiT~A^Vh)-^S (i«JI -i'u) + (H'^A H+A- 

SO that if the various numerical constants, together with the after oxygenation, 
are known, the before oxygenation can be calculated. From equations (2) 
and (3) the total overall heat Q 

-«..>-s;rrii-+<'“AuTH-+<<'''-^=> 

Equations (2), (3) and (4) have been used for numerical calculations of the 
overall heat of reaction under the various conditions wdiich have so far been 
studied. 
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Table III gives the calculated results for haemoglobin of concentration = 0-01 
eqiiivalent/litre : 

(i) In iHf /15 phosphate buffer ()*()7 and pyy 7-0. 

(ii) In J//6 borate buffer pu 7*0. 

According to the writer’s nieus lire men ts with the glass elect rode the jOjj of 
blood, treated with 1 % boric acid and then rendered (.'Og-free by repeated 
evacuation and shaking, is on th(‘ average 7*() at 18°, Such boric acid blood 
was extensively used by Brown and IJill 1 1923], and so it seemed of interest to 
apply the calculations to hai^moglobin solutions of corresjionding condition. 

(hi) With no foreign buffer added, p^y 8*4. 

According to the glass electrode; ineasuroments this is the average pjy at 18° 
reached by whole blood when rendered practically C 02 -frt‘e by repeated evacua- 
tion and shaking. 

It may be remembered that Brown and Hill made some measurements on 
this kind of blood also. 


Cone, of 
Hbm 
equiva- 
leiits/Jitro 

Table JIl 

Nature and cone, of foroi^jn ]>ufler 

Vii 

Pii 


Direct, 

heat 

0*01 

if/15 phosphate 

557 

]<e7ir> 

2*0 

1 2 

9,930 

9,710 

(H)] 

if/ 15 phosphate 

7-0 

1 7*083 
i 7*097 

2*0 

1*2 

9,120 

8.700 

(M)l 

i//6 borate 

7'b 

(7*778 

l7*8i>r> 

2*0 

1*2 

10.080 

10,410 

U-01 

No foreign butler added; frcM'd fioni 

COo by evaeuation 

8-4 

— 

— 

!2,0<M> 

«H)1 


IIH) 



13.4(Kl 


The figures of Table III thus cover the most important cases dealt witli by 
Brown and Hill [1923] and by Table II of this l)aper. The values of the heat are 
calculat^^d both for ^g = 2, this being th(' value given by \"an 81yke’s titration 
curve data for horse haemoglobin, and for jSj^=-l*2, there being some oxpt^ri- 
mental evidence that the buffer value of ox haeuioglobin may be af)preeiably 
less than that of horse haemoglobin, perhaps as mucli as on(‘-third l(‘ss. With 
haemoglobin of a lower buffer power the overall heat ol* reaction is somewdiat 
less, as would be expected. 

The heat of reaction for haemoglobin in JZ/lo phosphate buffer ca. 6-8, 
comes out at about 4000 calories less than the value in the alkaline range, as 
has indeed been shown experimentally in Table II. If had l>een assumed to bo 
the same as 13,400 calories instead of being assumed to be 2000 calories 

less, the calculated difference in the two overall heats w^ould have amounted only 
to 2000 calories, instead of 4000 calorics. Although there is some uncertainty 
in t he calculations owing to lack of knowledge as to the values of A"q, and 
for the particular ox haemoglobin solutions used, it still seems impossible to 
account for so large a difference between the value of the heat in alkaline 
solution and the value of the heat at py^ 6*8 in presimce of phosphate buffer, 
without postulating that the heat of the primary reaction between oxygen and 
haemoglobin in acid solution, i,e. is appreciably less than the heat of the 
reaction in alkaline solution. Tliis is a new conciusion, which it is hoped to 
test out fui*ther by other methods. 

Brown and MiU [1923] noted that the heat of reaction of oxygen with 1 % 
boric acid blood was about 3000 calories less than the heat of reaction with 
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COg-froc Wood containing no added foreign buffer. Ah regardB haemoglobin 
solution, the eahudated difference ac^cording to Table 11 is about 2()CK) calories. 
Brown and HiJl^s heat data may. however, be too high (v. infra ) : furthermore the 
ratio of haemoglobin concentration to boricj acid con(*ent ration in their 1 % 
})oric acid blood may have bef‘n less than in the ease (j noted in Table III — this 
also would have t(‘nd("d to mak(‘ th<‘ir observed difference greater than the 
ealeulatc^d one. 

According to tlie theory })ut fomard above, the minimum value for the 
overall heat of the reaction should occur w’hen the is midway between pj^^ ^ 
and and there is prcsiuit a high concentration (relative to the haemoglobin) 
of a fonugn buffer Avith a low h<*ai of ionisation, e.g. })hosphate buffiu*. In such 
a case the overall heat of reaction might be <*xpe(tte<l to be 7000 calories 

]<'SK thati the value in alkaline solution. Unfortunattdy it is not easy to obtain 
thesf^ conditions without hav'ing the absolute coneentration of haemoglobin too 
low for accurate measurenumts of the heat of reaction. This is the reason wliy 
tlie test has not yet been made, though it is hoped to carry it out with an 
im]>r()V('d a])j>aratus in the near fulim‘. 

Thfi hi at of comhi nation of 11 kms with haemoijlohin . This is an important 
figure in tin* abovt^ theory. Adair H at. [1929] hav<‘ reviewed and discussed the 
data obtained up till that dab* and have, mon‘over, suggested that the lieat 
may deiTcase as the is lowered towards tin* isoel(H*tri(‘ point of haemoglobin. 
Two prtdiminarv i‘Xf>eHments were therefore performed to test this point as 
rc^gards purified ox haemoglobin : 

By a m(>(lili(‘ation of the technique dt^seribed previously, small portions of 
aeetie a<‘id or acetic add-sodium acetate buffer were mixed with haemoglobin 
solution, th(* lu’ut recorded and the* measured bt^fure and afteiwvards by 
means of t he glass cle<‘trodc. .Mlow’anee Avas made for the slight heat of ionisation 
of a(*etic acid. The* results obtained are showm in Table IV. Tlu* Aalues of the 

Table IV 

Heat ill oalories 


|K'r g. ion 

p^j range H rombining 

w 1 .{S-76-8-U 97lH) 

1st Hainplo of 

Imcmo^rlobin (7.,. (-,.45 

2nd sample of j 8*4 -7*3:5 8r)(Hl 

liaemoglobiii ( 7'35-f>*25 82(K) 


heat given in Table J V do not shovr any marked decline with increased acidity, 
but the measurements w(*re not very accurate, and further Avork is needed. The 
average*, of the figures revioA^^ed by Adair ei aL [1929] and obtained since then by 
Rough ton [1930, 1, 2 and Table lit of the present paper] is about 90(K) calories. 
The lattcT value has therefore been used for the calculations given in this pajK-r. 

Discussion. 

Comparison tvith the resvlts of previous workers. Adolph and Henderson's 
[1922] figures show such a wide scatter that it is hardly possible to compare our 
results with theirs. Only a few of our experiments were done under nearly the 
same conditions of pjj and buffer content as were those of Brown and Hill [1923] 
but the gtmeral tendency of our figures is to be somewhat loww, i.e. l(XX>-2000 
calories, than theirs. No systematic comparison was, however, projeeb^, since 
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Brown and Hill measured the oxygen takcm up by the blood with the aid of the 
Barcroft-Haldane methods of blood gas analysis. As already mentioned these 
are known now to give results which are oftei too low, which woiild moan that 
the values for the heat of combination of 1 g. mol . Og with haemoglobin given 
by Brown and Hill would be too high, and to an unknown extent. 

None of the results given in this paper or found at any stage in our work 
approached the high value of 28,000 calorics recorded by Barcroft and Hill [1909]. 
Figures of the same order were, howev<‘r, found by Macela and Seliskar [1925], 
using the indire(*t mcdJiod (i.e,. (effect of tem|:K'rature on the dissociation ciu’ve) : 
the ratio of the temperature coefficient of the rate of dissociation of oxyhaemo- 
globin to that of the rate of combination of oxygen with haemoglobin, as 
reported by Hartridge and Kougliton [1923, 2], also auggt^st a heat value of this 
order. No explanation has as yet. been given of these anomalous restilts: it is 
possible that the tendency towards a high heat value may be associated with the 
same obscure factor, which spasmodically cause's th(' dissociation curve of 
mammalian oxyhaemoglobin to be hyperbolic insti'ad of sigmoid in shape. 

Tkeoretiml conchision,^. Tlie data obtained in this paper show that the tlierino- 
chemistry of the reaction bet wi'en oxygen and haemoglobin is straightforward 
in certain ])oints, wliieh had not previously been testc'd, nanu'ly in that the heat 
per g, mol. O 2 combining with liacmioglobin is indepi'iident of the perw'iitage 
saturation, the purity and the habitat ofthe ha<'moglobiu (/.c. wheth(*rit isprt'st'iit 
in solution or in the red blood corpuscle). The thei moehemic^al ineasurtunents thus 
give no crucial evidence either for or against the interinefliate com j^ound hypothesis 
of Adair*, nor do they give any indi(‘ation that the (condition of liaemoglobin in 
the (jorpiiscle is different from its condition in solution. 

As regards the effect of and fonagir buffer eonbuit a mor(‘ eomprehensive 
theory has been w’ork(‘d out than that of Brown and H ill 1 1 923 ], who did n(>t , t h rough 
lack of knowledge of the titration curves of oxyg<'natf*d and roflueed ha(‘mo- 
globin (which at that time had not yet be<in w*ork('d out), realise that oxy-labilc 
H ions liberated from one part of the hacmioglobin molectilc' would be hutfered. 
not only by the foreign buffers in th(' solution {/.c. substances othei* than haemo- 
globin), but also by other ])art,s of tiie haemoglobin moh'i'ule itsedf. TIji* ]>r<*sent 
theory needs more extensive test than it has yet receiv(‘d, (‘sp(‘eia]Iy as n'gards 
the int(*resting point that the heat of reaction of ox,\ gt'ii with haiunoglobin in 
the unionised condition is appreciably loss than in th(' ionisi'd condition. 

In broad outline, the thermochemistry of tiie oxygen-haemoglobin reaction, 
has probably been now almost fully worked out, without having thrown the n(;w 
light on the mechanism of the Og-haemoglobin reaction, wdiich the earlier workers 
in this field had hoped to obtain thereby. The knowIc*dgi‘ gained, liowever, is of 
value, not only for its own sake, but also as a basis for studying tht‘ thermo- 
chemistry of the closely connected reactions of (X)^ in blood. This subject, 
hithei-to but little explored, w^e hope shortly to take up in detail in the hope of 
elucidating further some of the more newdy recognised ]>» oecsses in ( lOg transport 
in the blood, especially those in which tlie I'lizynic, carbonic anhydrase, on the 
one hand and carbamino-compoiinds on thf' othfT arc? (toncerned. 

Summary. 

1. A differential calorimeter is described for the measurement of the heat 
evolvfid when blood or haemoglobin solution is shaken with various amounts 
f)f gaseous oxygen or carbon monoxide. The techniejue has been applied to 
certain outstanding points in the thermochemistry of the ha^imoglobin reactions. 
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2. The hoat of combination of haemoglobin, per g, mol. of oxygen, as 
measured directly is : 

(a) independent of the percentage saturation over the range investigated, 
viz. 25—80 %; this also holds good for the heat of combination of haemoglobin 
with carl>oii monoxide ; 

(b) practically the same in whole blood, laked lilood aiid purified haemo- 
globin ; 

(c) much greater at ca. 9*5 (? = 13,4(K) calories about) than at pjj G-8, 

il//15 phosphate buffer (i.e. ^ = 9400 calories about). The difference is in part 
due to the heat of combination of oxygen with oxy-labile ionised haemo- 
globin l>t*ing greater than the heat of combination with “oxy-labile” unionised 
haemoglobin, and partly due to the heat effc^cts associated with the s(iCondary 
ionic reactions, which or*cur over the p^ range 6»d-9'0. The magnitude of these 
effects depends not only on the pjj but also on the nature and concentration of 
the foreign buffer (phosphate) relative to that of the haemoglobin. Detailed 
thc'ory and calculations couc(‘rning this effect are given. 

J^arl of tlu' expense's of these', researches was defrayed by the Medical Research 
Council, to whom I desire to express my thanks. I am also indebted to Dr 
D. M, Grec'nberg for his assistaiu'c in the preliminary stages of the calorimetric 
experiments. 
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Roughton [1930, 1, 2J has described a method of following the heat effects in 
rapid chemical changes and has applied it to the reactions of acids and alkalis 
with buffers, amino-acids and proteins. The princi]>le of the method is as follows. 

The two substances which are to react are contained in separate solutions R 
and L; reaction between them is brought about by driving the two fluids into a 
special mixing chamber, wherein mixtiue occurs in l/HXMlsec. or less. The 
mixed fluid emerging from the mixing chamber passes into an ol>servation tube, 
at various points in which the tempt^rature of the running fluid is taken by means 
of a thermocouple. The change in temperature du(» to the reaction Ix^tween R and 
L is given by the difference between the reading with both fluids running and the 
average of the two readings when R and L are running separately. The corre- 
sponding time is simply equal to djv, where d is the distance from the mixing 
chamber of the thermojunction and v is the rate of flow of the mixed fluid down 
the observation tube. 

This method was developed to the extent of being able to measure, to within 
about 0*001®, the temperature change occurring in rapid reactions within 0*01 see. 
or less from the beginning of such reactions. Rough ton, however, pointed out 
that many, if not most, of the rapid chemical reactions which are of interest to 
the biochemist only involve changes, in toto, of 0‘01-0*(X)1®. Hence, if the course 
of these changes is to be followed accurately, the sensitivity of the method must 
be increased 5 or 10-fold, i.e. to within 0*000 1-0*0002^. This objective has been 
realised in the papers presented below. Of these, l^art I deals with the changes 
in apparatus and technique by which the greater sensitivity has been reached, 
whilst in Part II will be found some preliminary results of the method in regard 
to the reactions of haemoglobin with oxygen and carbon monoxide. 


I. IMPROVED APPARATUS AND METHODS. 

Description op apparatits. 

Oemral arrangemerU of apparatm. The refinements outlined by Roughton 
[1930, 1] for a t^n-fold increase in sensitivity, and those actually carried out in 
the present apparatus, consisted mainly in the improved thermal control of the 
entire apparatus, thus enabling a slower galvanometer of about 7 times greater 
sensitivity to be used. The 5 mm. observation tube of the previous paper was 

^ George Heniy Lewes student. 
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replaced by one of 2 mm. diameter: for a given rate of linear flow down the 
tube, the consumption of fluid is reduced to about one-sixth, thus giving more 
time for the taking of each individual galvanometer reading without undue 
sacrifice of fluid. 

The general arrangement is shown in Fig. 1. The reagents are placed in 
stoneware bottles, R and L, of about 5 1. capacity, mounted symmetrically on a 
metal stand, and each connected in the manner shown in a vertical metal box B, 
containing the mixing chamber and observation tube and mounted on the same 
stand. The entire stand, with its bottles and metal box, is immersed in a 70- 
gallon tank containing water, which can be kept constant in temperature to 
± O'OP (as checked by a Beckmann thermometer ) by a small lamp turned on and 
off oc<*a8ionalIy by hand and by vigorous stirring with compressed air. The 
apparatus is raised from (or lowered into) the tank, as reepured, by means of a 
block and tackle. 



1. Ap])aratnH l(>r dctermiiiiation of velocity of rapid reactions. 
(For doaeription see 


Thr rengt^nt hotthfi, R, L. These were drilkri at the top for the introduction of 
two or more glass inlet tubes, ?, which are seak'd in with tightly fitting rubl>er 
tubing, and the joints made rigid hv means metal (dollars filled with a cement 
of w^ax and resin. One of theses inlet tubes passes to the bottom of the bottle and 
can be used to introduce the rt^agents or to withdraw samples of fluid during an 
experiment. The other is short and serves as an inlet for the compressed gas 
which is to force the reagent into the mixing chamber. This gas is brought to the 
same temperature as the reagents by being passed through 80 ft. of lead tubing 
lining the inside of the thermostat l>efore it enters the bottle. Since in the present 
apparatus the gas only comes in contact with the upper layers of the reagent, and 
since the reagent is forced out at the bottom of the bottle less care need be taken 
than in the jwevious work as to the heat effects accompanying the sudden com- 
pression and/or the humidity of the gas. 

Additional holes in the necks of the bottles can be used as j)oints of entry 
for the various thermocouples’ used to indicate the difference in temx)orature 
between the reagents and the thermostat water, or between the contents of R 
and L respectively. Small adjustments of temix*rature, just bcTore a run, can be 
made by adding warm water to the bath, or by heating one or other of the fluids 
in R and L by means of 3«watt electric bulbs w, suitably protected from water 
and sealed into the bottom of the' bottles. 

The reagents are stirred by stout glass rods, j/, bent and flattened into vanes 
at their free ends, the rods being introduced through lanoline-lubricated ground 

1(57—2 
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joints, j, fixed in rubber corks in the* necks of the bottles. The glass rods aie 
coupled at their top ends to the shaft of special electric motors by rubber 
tubing, and an* rotated about 90 tjrnes a minute. This arrangement, which 
proved satisfactory in every wa\', f‘nables the solutions to be stirred (*ftective]y 
wIk'U the bottles contain any gas oth(*r than air. This condition had to be met 
in our work on haemoglobin (in T^art II). 

The metal box B ami its contents. The glass leads, /, which connect the lower 
parts of the bottles with the mixing chamber, are much shorter than the 
delivery tubes in the previous ay>pai‘atus. They an* air-jaeketerl by wide rubber 
tubing between the bottles and the metal box. 

The mixing chamber aiul the observation tube are themselvt*s situated sym- 
metrically in the wate^r-tight metal box B, the detachable front of which is fixed 
in place by wing-nuts. Tin* flow of reagents into th(‘ mixing-chamber is con- 
trolled from the outside by brass rods, r, which pass through tin* roof of B and 
rest, at their lower ends, on short y)ieces of rubber tubing, /, inserted in the 
connections on either sid(* of the mixing chamber and supported underneath by 
brass blocks. 

The mixing chamber, m, is a simy)le three-wfiy tap of suitable bore, its (‘entral 
limb being sealed as regularly as possible to the low<'r end of the observation 
tube. 

The observation tube, o, a glass capillary of internal diamc'ter 2 mm. and 
length 12 cm. is widened at the top so as to join with a few cm, of 10 mm. diameter 
tubing, and then passes through the roof of the box to a funnel from which the 
effluent can either b(‘ sucked to waste or collected in an (*vaetiat(‘d tonomet(‘r. 

Constniction of thennocovples. Th(*se wen* made from enamelled wire, 
no. 24 copper and no. 32 constantan, roughly as described in the previous papi'i*. 
and then insulated with several lay(‘rs of celluloid varnish. They were introduced 
into the observation tube from above via the open fuim(*l. Two types of thermo- 
couple were again used: (a) The “absolute'’ or “thermos" typ<* in which one 
of the junctions is placed in the observation tube and the othei’, the “cold" om*, 
is k(^pt in a suitable en(*iosure, constant to +0'0(M)2'^ during the ja*riod of tlie 
experiment. In the first ('xperiinents, the eold junetiorj was irnimused in a 
cylindt^r consisting of alternate layers of copper and ])arfitfiii wax, in the m(*ta.l 
box B, whilst in subscqiKUit ones it was place<l in a small vessel of m(‘reinw 
separated by an air gap from the walls of a larg(* botth* iinm(Tsed in the thermo- 
stat, the latter arrangi'ment being more co!iveni(*nt. (h) The “diiferentiar’ 
type, in which the junctions are only 3 (‘m, a 2 )art, and whi(*]i therefore m(‘asur(*s 
the diffV*rerjcc of temperature between two points 3 cm. apart in tlu* running 
fluid. As before, and as was indeed to be expected, this typo proved rmu*h more 
satisfactory, both as regards the steadiness and the speed of response of the 
galvanometer reading. 

Electrical connections, galvanometer etc. The copper J(*a(ls from the thermo- 
couples were 8oldere<i to rubber-covered copfjer (^ahk* leads, wdiieh were con- 
nected via appropriate “all-coj)per'' switches and a manganin resistance box 
with the galvanometer. 

For the. present purpose sufficient sensitivity w^as given by a Kipp Zb moving 
coil instrument, shunted with SOohras and with minimum magnetic control. With 
the scale at 4 metres, the deflection per micro-volt with 0 ohms in series was 
about 120 mm., so that the accuracy attainable on the electrical side, if the 
deflections be read to 0-2 mm., is better than 0-0(K)04'^\ 

Calibration of thermo<miples. Readings w^ere usually tak(*n either with 50 ohms 
or 0 ohms in series with the couple and the galvanometer. In the former case the 
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couples were ealibruted by inserting junctions in separate flasks, which were 
filled with weJl-stirnMi w^at(‘r at temperatures difi'ering res])ectively from one 
another by 1 or 2"'. The (‘alibration with 0 rflims in series was not made din^ctly, 
since itw^ould have m^eded too small a temperature difference between the two 
flasks to 1)0 measured af^curately with ordinary standard thennometors: instead 
it w^as calculated from the calibration wdth 50 ohms in seri(‘s by the formula: 

Oo - X {50 4- T 4- a)!(T + a ) , 

wh('r(» 0^^ are the sensitivities of the galvanometer, with 0 and 50 ohms 

rospeetiv(‘ly in seri(*s; T is the resistance of the thermocouple, G is the resistance 
of th(' galvanomet(*r and its leads, both of wdiieh were determined independently. 

TyriCAn expkriment and coxtuols. 

( \introl experimenl tviih plain water m bottles R and L. 

Koughtori [1030, 1] pointed out that the method contained several physical 
sources of t*rroi’, which might liave to be allow'cd for by blank corrections. Of 
these the most im})Ortant ar(‘ fluid friction, heat conduction IxdAveen the 
flowing fluids and their surroundings and local tem]K‘rature effects in the neigh- 
bourhood of the tluu'rnojujietions. Theoretical calculation and ex])erimontal 
controls, howevtT, botli showed that the temperature effects due to these phj-si- 
^^al sources of error w’cre in(iiYidually and collectively within tlu^ range 0*0001- 

' , and lumce could b(' negk‘et'f‘d in the previous work, since the accuracy 
t here aiuK'd at was only 0*(K)1 In the present work, with its hope of a five- or 
ten-fold increase in sensitivity, the etfe^cts had obviously to be investigated 
further : t his w as doin', as before, liy control experiments with plain water in eacli 
bottle. Since the ju-oei'dure w^as the* sanu' as in ordinary expc'iiments, in which 
])ositive thermociiemieal (‘tfeets w’er<' to be looked for. it will l)e useful, at the 
outset, to describe it in detail. 

At k'.ast 2 Jiours before* the t'X]K*riment w'as to Ix^gin, bottles R and L w'ere 
eacli filled with 4 litres of wat(?r. The apparatus was lowered into the thermostat 
and kept th('re until the time of the experiment, Iht' liquids being stirred periodi- 
cally, and their tempiTatures brought to that of the bath water (to within 
4 <)*()0L^) by suitable short jicriods of electric heating. The pressure inside the 
bottles WAS iner(‘ased to 20 em. Hg abi>ve atmospheric jiressure by connecting 
tin* gas leads of R and L to a cylinder of (‘om pressed ox 3 '^gen or nitrogen ria the 
80 ft. length of tubing in the thermostat, the jiressuru being regulatc'd auto- 
matically by a simple mercury blow -ofi' valve. Stirring of the bath and reagent 
bottles was stopped, and, afU^r the differential thermocouple had been placed in 
a suitable position in the observation tulie the switeli connecting it to tlu* galvano- 
meter was pressed down ; this was done as early as possible before the beginning 
of the measurements, so as to allow time for the “parasitic e.m.f.’s of the circuit 
to become stable. A series resistance of 10,000 ohms and a short-circuiting switch 
protected the galvanometer during the adjustment of the thermocouple. The 
series resistance was then rc^duced to zero (or in cx'rtain experiments to 50 ohms) 
and readings taken in the following sequence : 

(i) Fluid from R alone running for 20 sec. Galvanometer scfile reading 
taken = 515-0 mm. 

(ii) Fluid from both bottles running together for 20 sec. Reading R =s 
615*5 mm. 

(iii) Fluid from L alone running for 20 sec. Reading = 514*2 mm. 

167-3 
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In this example the two junctions of the thermo-couple were placed at 2 and 5 cm. 
respectively from the mixing chamber. Let a; = relative delivery of R to L when 
both are running (v, infra). Then temperature effect, due to physical causes, is 
thus, in the case of the differential thermocouple 

mm. = 0-00022® (warming). 

Actually in this example, and indeed in general, readings R and L are so close 
that — can with sufficient accuracy be replaced by \ Z), provided, as is 

usually the case, that x lies between 0-4 and 0-6. 

The same procedure was then repeated with the differential thermocouple 
in 2 or 3 other positions. 

By that time sufficient fluid had passed through tho leads and the mixing- 
chamber for them to reach a much more steady temperature state than at the 
start. The differential couple was then replaced by the “absolute” couple, the 
latter usually being adjusted in tin- middle of the capillary part of the observa- 
tion tube, i,e. at 5 cm. from the mixing chamber. The absolute “couple” is of 
course affected by temperature drifts in the contents of the bottles during the 
experiment; to compensate for these a set of five readings Mas always made in 
the following order : 

(i) Fluid from R alone for 20 sec. Reading =^R^ = 372-2 mm. 

(ii) Fluid from both bottles for 20 sec. Reading = 11^ = 367 -2 mm. 

(iii) Fluid from L alone for 20 sec. Fv(-ading = L=- 365-3 mm, 

(iv) Fluid from both bottles for 20 see. Reading = Rg ~ 

(v) Fluid from R alone for 20 sec. Reading = 

If the solutions had not been adequately equilibrated as regards temperature, 
the 20-sec. running period had to be increased. 

The temperature effect, due to physical causes, is for the “absolute” couple 

, thus (warming). 


In this case also, readings R and L wt^re so close togc^ther, tluit the expression 

l+x 


could be replaced by 


(A\+i?5)/2 4 L 

9 


As a rule the readings were less steady than the differcuitial couple readings, 
especially if the absolute readings were, in contradistinction to the above pro- 
cedure, taken before much fluid had been passed tlirough the apparatus. 

To obtain the rate of flow, the mixed fluid emerging into the funnel during 
15 sec. run was collected in an evacuated tonometer and measured. The rate 
usually varied from 500 to 700 ml. per minute according to the position of the 
thermocouple in the observation tube. Allowance had to be made for this in 
calculating the respective time intervals. 

In this control experiment it was not necessary to know the relative delivery 
of R to L with both fluids running together, i.c. x, since readings R and L were so 
close together. In “live” experiments, however, the relative delivery is always 
required whether R and L are close or not: in experiments with haemoglobin 
solution, it was calculated simply from the ratio of the respective Hb concentra- 
tions in the mixed fluid and in fluid L (assuming that the haemoglobin was 
placed in this bottle and not in R) as estimated colorimetrically : in all other 
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experiments, so far, one or both of the reagents has been capable of volumetric 
estimation (e.g, HCl, NaHCOg or NaOH). In these eases also, x can easily be 
calculated from the respective titres of the mixed fluid and of the original 
reagents E and L. If neither solution is naturally coloured or titratable, the 
simplest plan is to add a small amount of an indifferent coloured substance to L 
and to calculate the relative delivery by the same colorimetric method, as in the 
case of haemoglobin solutions. 

Magnitude, of blank errors. 

These were measured by control experiments with plain water (or aerated 
blood solution) in bottles R and L. 

(a) With the differential thermocouple. In size the blank effect shown in the 
control experiment above is of the order to be expected, namely ()*0002-0‘0003°. 
The consistency is shown by the figures of Table 1 : from these it appears that the 
heat effects at specified points in the observation tube repeat themselves to 
within 0*1 mm. (i.v. 0-000()25^), even when one of the bottles contains blood 
diluted 1 in 4, instead of water. ( >orn‘Sponding blank corrections have therefore 
bcHUi deducted from the differential couple readings in “live” experiments, and 
the residue, if any, attributed to temperature differences of thermochemical origin. 

Up to a distance of 11 cm. from the observation tube the distal junction is 
seen to be 04K)02~0-0003 hotter than the one proximal to the mixing chamber: 
this is probably due, in tlu* main, to the frictional resistance encountered by the 
fiuid in travelling from one junc tion to the other and dissipated as heat. In the 
11-14 position, however, the situation is reversed: this is probably to be ex- 
plaim^d by the fact that the observation tube widens out at a distance between 1 1 
and 14 cm. fnun th(‘ mixing chamber, which means that at the 11 cm. point the 
fluid must be travelling much faster than at the 14 cm. point. The diminished 
‘"local turbulence’’ and drop of pressure in the neighbourhood of the latter 
probably account for its being apparently cooler by 0-(M)03o' than the 11 cm. 
point. 

Table* 1. TeM for blank corrections with differeidial thvrmocovple. 


Senes rejsistan»*c in circuit -Oohin. 

Drivinif prcsHuiv applied t(> it and /!yr 20 cm. Hg air pressure. 


Distance of differential junctions from mixing 
chamber (in em.) 

Heat effect in mm. galv. deflection: 

2 i) 

0-8 

8-^jl 

11-14 

(a) Water 4 watc'r 

4 - 0*8 

^ 1*4 

+ 1*7 

1*5 

(?>) Water 4 blood solution (1 in 4) 


4 1*4 

f 1-1*4 
1-^14 

-1*5 
■ - 1*25 
-1*4 


1 


Here 4* means that junction distal to mixing chamber is ^^armer. 

Here ~ means that junction distal to mixjfig chamber is cooler. 

(b) With the absolute the.rmoc.ouple. The blank corrections for the absolute 
thermocouple in various positions in the observation tulx^ are shown by the figures 
given in Table II. Consistent rt^sults were obtained in two separatt^ experiments. 

corrections turn out, not unexpectedly, to be distinctly greater than those 
for the differential thermocouple but are, from the physical point of view, quite 
reasonable in size. A specially extended series was taken with the thermocouple 
at 6 cm., since this was the staple position used in most of our experiments. The 
mean effect at this position*: 2*1 mm. galv. deflection =0*00067®. 
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Table JI. Test for blank corrections with absolute thermocouple. 


Fluid R - fluid L tap water. 

Scries resistance in circuit ~ 0 ohm. 
Drivinj^ pn'SMurc - 20 cm. Hj;. 

K(‘lati\e deiivcu'ies of two fluids e(iual. 


l>istance of ahsolute j\U)ction from 2 

mixing chamber in cm. 

Heat etlect in mm. galv. deflection: 

( +2 

(a) Waters water 1 + 

{h) Water H-w'at<T — 


1 niin.-HMMK):i2^ 


5 


+ 10 
( 4 I-S 

t 2:1 
+ 2-0 
i f-2-4 


8 


f fl di 
I 4 1-8 

-f2*r> 


Here 4 means that reading R is warnu'C than the mean of readings R and L, 


Accuracy of the method and resume of procedure. 

With total tomperature changes of (b05^ or more in the ob^tTvation tube*, the 
moasiireiiK'iits are believ(*<l to be aecuraU' to within about 1 % of the total change, 
as was the ease in Houghton's earlier work. In th(' ease of the sraalltT changes, 
of the order of 0*00o-0’0U, which it w^as the special object of this work to 
measure, a higluT “absolute” aeciiracy was reached, especially with the dif- 
ferential therm oeouple. This is showui by 

The degree of agreement between duplicates. Table TIT show^s a stTies of duplicate 
determinations made both wdth the difierential and the absolute thermot*oupl(‘s. 
Tn the case of the differential cou[)le, duplicates usually agrec'd with one another 
to within the limit to wdii(‘h tha galvanometer dt^fleetions could be read by ey(', 
i.e. to 0*12 mm. =:0*0tK)0lU. In th(‘ case of the absolute coujile th(^ divergence w^as 
naturally much greater, but did not on the average cxcchmI 00(K)26''\ It is 
probable that a single set of observations with the absolute thtTmocoupk* is as 
a rule correct to 0*()(X)2'^, when the total temperature <fliange is less than O'Or'; 
with the differential couple the accuracy seems to be about five times better, i.e. 
to within 0*00004°. 

Table TIT. Duplicate, readmgs of difference between temperature of mixed 
fluid and average temperature of separate fluids E arid L. 

Readings expressed in mm, galv. defb‘ction. Series resistance in circuit :-() ohm. 


DiflFereiitial thermocouple Absolute Ihcrrnocouple 


f 

Reading 1 

Reading 2 

Reading 1 

Reading 2 

1-40 

140 

10-8 

10*7 

b40 

140 

14-6 

15*2 

1-50 

1-25 

121 

12*5 

940 

9:10 

18-3 

12*2 

fl-2(> 

6-66 


14*2 

04^5 

0-50 

11-8 

100 

Average discrepancy betwticn duplicates. 


014 mm. 

- 00(KX):}° 

0*80 mm. 

0-0002fl''. 


That these claims are not exaggerated has been che(',ked in two ways : 

(i) Comparison of the rate of combination of carbon monoxide with haemoglobin 
by the thermal and optical methods. In these experiments, which are described 
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more fully in Part II, it was found that the rate of combination of CO with 
haemoglobin by the present method agreed to witliin 2% with the rate as 
measured inde^pendentJy by the optical method of Millikan [1933]. This degree 
of agi’ec^ment could hardly have been attained if the thermal methods were 
appreciably 1(‘hs accurate than lias just been clainuid. 

(ii) MeafStm wml by thi abmlnUi couple of the rapid hmt of combination of HCl 
with NaOIL Two expei-iments of this kind were made to test tbe accuracy and 
reliability of the absolute couple. 

(a) Fluid /? = 0*0054 A H(>1 (containing trace of (Dg), fluid /> = 0*0214 A 

NaOH. 

Relative delivery of to L= 1/1*21. 

Ex[)e(‘ted temp(‘rature rise = 0*0343 ± 0*0(K)4^. 

Obs(‘rv(*d temp(Tatur(* rise'- 0*0340 + 0*0004'^ (moan of two observations). 

In this cxptMament, the total temp(‘rature change was too large for the 
maximum absolute a<*curacy to be expected. 

(b) Fluid /j' = 0*002 .V NaOH, Fluid 7v = 0*0(X)13 A HCl (containing trace of 

(X)o). 

R('lativ(‘ (l(*liv(‘rie.s (»f R and L equal. 

Exp(‘cled temperature ris(‘ = 0*0(MKS + 0*0002^ . 

()]>st‘rved tt'mperature rise = 0*0009 + 0*00()2'" (m(‘an of 4 observations). 

The uri(^<‘rtaiiiti(‘s of 0*0001 and 0*(M)02 in the res])ective ‘‘expected temperatuio 
rises" in the two (•as(*s an* due to the difficulty of estimating th(5 concentration 
of such w(*Hk HCl solutions aeeurat(*ly. In both cases a small correction was 
inserted for tlu* h(‘at of neutralisation of the trace's of dissolv(‘d COg in the 11(3 
solution. 

The agre(‘nu‘nt, on the wliole, is quite as good as can ])e expected and we have 
lumee felt justified in {ip])lying tlu^ method to the problems d(‘scrib(‘d in Part II, 
and to otlu'rs sine(' tlum. 


R{mmic of procedure. 

For the convenience of the reader, the procedure in a typical “live” experi- 
ment may now be bri('fly recapitulated. The two reagents are placed in bottles 
R and L in the th(*rmostat, and by a 2-hour period of appropriate stirring and 
ele(;tric heating are brought to within of each other and the bath. This 

preliminary f)eriod may with advantage be prolonged to 4 hours or more. The 
solutions are tluui driven by compressed gas (pressure used ^20 cm. Hg) at the 
correct temperature into the mixing chamber in the sequence' R, both, L, for 
pei iods of 20 st'C. (uich, and the corresponding readings taken with the differential 
thermocouple at 2 or 3 different places in the observation tube. A set of readings 
with the absolute thermocouple, at say 5 cm. from the mixing- chamber, is then 
taken in the sequence R, both, Z, both, R for periods of 20 sec. each again. 
Further similar sets of readings with either of the thermocouples are then taken 
as desirc'd. 

The rate of flow is then measured, and the n'lative deliveries of R and L are 
calculated from the colour or titro of the mixed fluid, as compared with that of 
R and/or L, If neither R nor L possesses naturally a colour or titre, a small 
amount of an indifferent coloured substance may be added to one of tliera. 

The above observations are then used to calculate the corresponding tem- 
perature differences, from which are subtracted blank corrections according to 
Tables I and 11. 
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From these data it is easy to plot the thermoehemical temperature change 
versus time from the begin ning of the reaction. An example is shown in Fig. 2. 

The interpretation of such temperature-time curves varies with the reaction 
undt^T study, and no general rules can be laid down here. In computing the 
magnitude of the corresponding heat changes in calorics, it has to bo remembered 
that (i) the heat of dilution of tin? solutions on mixture may be significant, and 
in this case, if not obtainable from standard Tables, must bo measun^d by special 
experiments, (ii) the specific heat of the mixed solution may differ from unity. 

The apparatus of the present research can deal with time intervals, from 
mixture, of ()*005~-0*5 sec. This range could, if desired, be ext(mdcd both in an 
upward and downward direc^tion. 

Forecast, of f urther improvements. 

The limits of error of the temperature measurements are in the present 
apparatus much smaller than the size of the blank corrections for non-chemical 
sources of heat which there seems no way of avoiding. It therefore looks doubtful 
whether the tempt^raiure sensitivity can be developed much further, nor at the 
moment is there any call, since the apparatus with its existing accuracy has 
already a wide possible field of work before it. What, however, is badly ncM'ded is 
a radical economy in the quantity of the fluids required for an exi:>eriment, 
4 litres being an outragt^ous, if not impossible, demand in many eases of bio- 
chemi(jal interest. Wo hope, in due course, to addn%ss ourselves to tliis })roblenj, 
but the solution of it would probably involve some rather radical changes in 
design: it may, therefore, not be attempted until the potentialities of the })resent 
technique shall have been more fully worked out. 


IL THE REACTIONS OF HAEMOGLOBIN WITH 
OXYGEN AND CARBON MONOXIDE. 


Elsewhere Roughtoii [1935] describes measurtunerits, by the usual slow 
calorimetric method, of the heat of combination of haemoglobin will) oxygen 
and carbon monoxide. Reduced blood or haemoglobin solution was shaken with 
O 2 or CO in thermos flasks, and the temperature of thc^ eonttuits was registered 
thermo-electrically at suitable intervals. Under these conditions 15 min., at 
least, were required for the temperature conditions to become stetuly again. This 
delay must have been in part due to the slowm^ss of diffusion of Og (or CO) from 
the gas phase to tlu^ hat'jmoglobin in the liquid phases and in part dun to the slow- 
ness with which the heat, liberated by the roacjtion, was distributed throughout 
the contents and walls of the flasks. As to the actual rate of boat liberation itself 
these measurements gave no guide — the time so oc(‘upied might have been any- 
thing from 0*01 sec. to 5 min. 

The measurement of the true speed at which the beat of these reactions is 
liberated is of interest in two connections. 

(a) From the theoretical standpoint it is important to know whether the 
rate of heat liberation runs parallel with the rate of (jombination of O 2 (and/or 
00) as followed in other ways, such as by the spectroscopic method of Hartridge 
and Roughton [1923, 1, 2] and the photo-electric method of Millikan [1933]. If 
the heat effects were found to lag behind or to be divisible into more than one 
phase in time it would mean that the primary process of combination of O 2 (and/ 
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or CO) with haemoglobin, as revealed by the optical change, must be followed by 
secondary tautomeric changes after the O 2 (and/or CO) molecule is combined, 
such as have indeed becsn found by Roughton [1934] in special cases. Such 
secondary tautomerisations would be a new feature in the haemoglobin reactions, 
and would certainly entail a re-formuJation of their physico-chemical mechanism. ♦ 

(6) Failing any discrepancy between the speed of the reaction as followed 
thermally on the one hand, and optically on the other, tlie thermal method would 
provide a valuable alternative means of measuring the rate of the reac^tions, 
especially in haemoglobin solutions of high concentration and in susptmsions of 
intact red cells. In the latter, especially, the optical method may be rather in- 
accurate, on account of the uncertainty due to the scattering of light by the waUs 
of the red cells and of the irregular paths which the light must take through the 
biconcave shaped cells. 

In the present paper comparisons are given of (i) the heat of combination of 
1 mol. O 2 with haemoglobin by the usual slow method I Rough ton, 1935] and by 
the rapid thermal nu^tbod of Part I (ii) the rate of combination of CO with 
haemoglobin by the optical method and by the rapid thermal method. Pre- 
liminary observations are also given of the rate of uptake of O 2 and of CO by 
suspension.s of intact red cells, and in conclusion the further scope of the methotl, 
particularly in regard to the kinetics of the reactions of CO^ in whole blood is 
pointed out. 

Methods. 

Preparation of solutions. 

Reduced haemoglobin solutions. Prepared from ox blood (containing 1 % boric* 
acid and stored at -hO-5 . The blood was n^duced by shaking in an (*vaeuated 
vessel for about 30 min. at about 40^ with intervals during which small cpiantities 
of pinified nitrogen w'crc^ introdu(’.ed and the vessel again (evacuated. It was then 
lak(»d by dilution with eight time.s its volume of air-free water. 

Reduced corp^iscles. Ox eorpuscies wxtc washed once with 1 % XaCl and then 
diluU'd with NaCl solution to the volume of blood original!}^ used. The suspension 
was reduced and diluted with air-free 1 % NaCl to the same extent as in the 
pr<»pai‘ation of reduced Hb solution. 

Oxygen, nitrogen and carbon nioiUKvide. Cylinder oxygen was used throughout : 
(\vlinder nitrogen needed purification when used in tlu* preparation of reduced 
haemoglobin, and for this purpose it was shaken with alkaline Na 2 S 204 con- 
taining Na anthracpiinone-/S-sulphonate and stored at increased pressure in a 
stoneware bottle. Carbon monoxide was prepared from sodium formate and 
commereial sulphuric acid an(i stored over alkalimj sodium hydrosulphite under 
pressure. Special precautions — thorough washing out of all U^ads immediately 
after the preparation — ^were needed in order to remove all traces of formic acid 
from the gas. 

Determination of rapid heat and time course of its production. 

The general procedure has already been described in some detail in Part I, 
but certain points peculiar to experiments with haemoglobin ri^quire special 
mention. 

4 litres of the reduced haemoglobin solution or corpuscle suspension, stored 
under nitrogen at a slight positive pressure, were transferred to the evacuated 
bottle L, after all leads had been duly washed out with nitrogen. Similarly 
4 litres of water equilibrated with Og or CO at atmospheric pressure wei*e trans- 
ferred to bottle B and kept under a slightly increased pressure of Og or CO. 
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After all temperature adjustments had Ix^on made, the experiment could proceed 
exactly as described in Part T, measurements with the differential thermocouple 
usually preceding those with the absolute couple, in cases where a gradient was 
expected ; in this way the absolute couple could be used under the most favourable 
conditions. 

Samples of effluent were taken in an evacuated tonometer while L and E were 
both delivering liquid, and the lelative delivery of L and R was determined 
colorimetrically, by comparing this effluent w ith an exactly twice diluted sample 
from L. 

The (*>2 or CO content of fluid R. and the haemoglobin contenl of fluid L were 
both determined with the Van Slyke-Neill apparatus at the end of the experi- 
ment. 

The rise of temperatun' due to 1h(* nviction w as usually about 0*005^, and in 
good experiments, could b(^ determined to within ± 0-00()2“. This corresponds to 
an expejimental error of about 250 caloric^s in the heat of combination of 1 mol 
Og with Hb. 

Detcrminalwn of .slow heat. 

The m(?thod was in most respects similar to that described by Roughton 
[1935]: the heat insulation of the thermos flasks was, howov(T, improved by (in- 
closing the flasks completely in a copper jacket through which thermostat 
water was cir(‘ulat(id by nu*ans of a rotary pump. With tins arrangt^ment tlui 
change in temperaturci of the w^ater during circulation, wdum the (contents of the 
flasks had suffici(*ntly ecpiilibrabHl, was less than O-Ol’. Temperature adjust- 
ment of the thermos flasks to that of the circulating water was made by short 
periods of electric heating, the internal circulation desiTiixid by Roughton b(nng 
dispensc'd with. The difference in temperatuie btiw^eeu the contents of the 
flasks and the circulating water was determined by a siicond thermocouple. 

An additional improvement consisted of th(' use of ordinary ground-glass 
syringes for gas reservoirs, a change which made it possible to introdu(‘e th(‘ Og 
or CO into the thermos flasks without stopping the shak(*r : one syringe w as till(*d 
with Og (or CO) and the other with , and at the appro])riate instant the contents 
of both syringes w^ere delivered simultaneously into the resp(*(‘tive flasks. In this 
way, any extraneous heat effects due to compression of gas, water vapour etr, 
are exacitly balanced. The entire process of introducing the gas only took about 
10 sec. 

In good (experiments, tht^ possible error in tlie heat d(d.(*Trni nation by tliis 
metho(i is of the order 500-1000 calorit^s per mol Og combining with Hb. 

ExPEltlMBU^TAX, KESULT8. 

(1) Slow and rapid heats of reaction of 0^ with haemoglobin. 

Our first concern was to ascertain whether a temperature gradient could be 
detected in the observation tube, or w^hether, as we anticipated from previous 
work with the optical methods, the rea(5tion W'ould prove to be too rapid for such 
a gradient to be obs(^rved. We found as expected, tliat at least 08% of the total 
temperature rise in the observation tube was compJetti by the time fluid had 
travelled 2 cm. from the mixing chamber, i.e. in 0*008 see. The process is thus too 
rapid for its time course to be follow^ed by the pr(*s(int apparatus, nor would it be 
of any use to reduce the rate by loweiing the [(kj in fluid R, for this would also 
make the resultant temperature rise too small to be ac(Uirately measured. 

We next proceeded to see wdiether the observed temperature rise, which 
remained constant during the time required for tht* liquid to traverse the remainder 
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of the caY)illary part of the observation tub<% would also rt'raain constant for a 
further relatively long period, or wht?ther, as seemed j^ossible for the reasons 
already indicated, there would occur slow secondary ])rocessos accompanied by 
an absorption or evolution of heat. For this purpose the thermoj unction was 
placed in the wide part of the observation tube and deflections were rt^ad in the 
following order: fluid from bottle R was run for 20 see., suddcmly turn(‘d off, and 
the galvanometer readings taken at 10 sec. intervals. Tlien similar drift readings 
were taken after R and L had Ikhui running together for 20 sec., and again after 
fluid from L alone had been running. In this way drift niadings wen* obtained for 
successive 10 sec. periods after the completion of the reaction, and any sec^ondary 
heat prodiuition or absorption would have shown itself by a difference between 
the mean rate of drift of R and L running separately and that of U {E and L 
ruiming together). Table IV makes this procedure clearer, and Table \’ sum- 
marises the results of all experiments of this kind (5 in number) wliich w^ere madi*, 
the figures given representing the mean apparent ‘‘delay<‘d ” temperature change 
(in mm. galvanomete^r deflection) for succcissivo 10 sec. p(*riods aft(‘r mixing. It 
is clear that although the figures indi(*ate without exception a slight absorption 
of heat during the first 40 sec. and a slight extra heat produedion during the 
subsequent. 40 sec., the individual changes are 'well within experimental error 
and can be safely disregarded. 


Table IV. Tempmttun' drift in stationary fluids in observation tube. 


Kxp. of February r>th, 19115. Hb ? (h. 

Pn>ce(lure before readmes tak(‘n as desiTibt'd in t('\t. 





. 





Drift of 


(Jalvjinc- 


(Talvanu* 


Galvano- 



Ji ■ mean 


jiH'ter 


meter 


nietm 


Mean dntt 

drift of 

'rim<* 

readini;K 

Drift u) 

leadings 

Drift in 

readings 

llrift in 

f, ami It 

a - tn 

sec. 

niU). 

10 sec. 

mm. 

10 sec. 

mm. 

10 sec. 

mm. 

mm. 

10 

20 

,30 

40 

50 

60 

.341 5 
.341 •(> 
,341 5 
:M20 
;i42-2 
:i42-8 

- 0 .7 
-t 0-5 

4 0-5 
-^0-2 
f 0-6 
+ 0-2 
+ 1-0 
t 0-6 

3t)2-0 

361- 0 
361 -5 
:i62-0 

362- 0 
362-2 

- 1-0 

n^or> 

-f 0-5 

0 

i 0-2 

0 

0 

+ P0 

379-5 

378- 9 

379- 1 
379-3 
379- 1 
379-2 

-0-6 
et»-2 
+ 0-2 
-0-2 
tO-1 
0-2 
. <^3 

1 0-6 

0-55 
r 0 35 
-o-:i5 

0 

- 0 35 

0 

-0-45 

4 0 15 
+ 0 15 

0 

4 0 15 

0 

-! 0-15 
-r O JO 

70 

80 

90 

343- 0 

344- 0 

345- 2 

362-2 

36;i-0 

364-0 

379-0 
379 3 
374-9 

+ 0-65 
^0-90 


Negative sign in last column indicates tlelayed heat absor])tioii. 


Table V. Apparent slow temperature changes subsequent to remiio'n 

ofHb^O.. 


Mean values from 5 experiments. 

Period after mixing (sec.) UV20 20-30 30-40 40 50 50- bO 50-70 70-80 SO- 00 

Mean extra heat product iun, in -fO-12 - 0*00 -0-25 -0*42 ^ 0-08 -f0*07 |0 J8 -0 12 

mm, galvanometer dcfieelioii 

As % total rapid heat -j-3 -2*2 -6*3 -10-5 4 2 -I-1-7 +4 5 +3 

(Approx.) Mean“ -0*0% of total heat- - -O-OOOOjr. 

As a final test of the eoiTeetiu*ss of these results, and a general test of the 
reliability of the method for absolute thermochemieal measuromont, the heat of 
reaction of dissolved and Hb deduced from the steady temperature rise found 
in the observation capillary was compared, in a series of experiments, with the 
heat of reaction of similar Hb solutions, prepared from the same sample of blood 
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and subjected to the same experimental treatment, with gaseous oxygen, the 
heat being measured by the usual slow calorimetric method. If the foregoing 
results were reliable, and if the methods were quantitatively satisfactory, the 
two methods of measureiiKUit should have given identical results. Table VI 
includes all the tests of this kind, which have so far been carried out. 

Three of the experiments were, on technical grounds, known to be imperfect, 
and are therefore bracketed in Table VI. The remaining five, however, show 
agreement within experimental error, both at alkaline and at neutral reaction and 
in presence or absence of 1 % boric acid. 


Table VI. Summary of slow and rapid hmts of reactions of 1 mol O 2 with Hb, 


Date 

Pii and condition of blood 

Slow 

Rapid 

13 March 
22 Feb. 

j« 1 boric blood of 20 Feb. stored at 

6500 

7300 

14 March 

15 Fob. 

1 1 boric blood of 18 Feb. stored at 0® 

(7100 

7700) 

14 March ; 
20 Feb. j 

j> 1 % boric blood of 18 Feb. stored at 0® 

(10100 

6300) 

20 March 1 
22 March J 

1“ borit* blood of 13 March storc^d at 0 ® 

(7500 

6300) 

25 March ) 

26 March J 

Blood of 1 9 March without . Stored — 

10^ 

7700 

(y.m 

27 March | 

28 March J 

■ 1 % H 3 BO 3 blo( id of 26 March. Stored at 0® 

60tM) 

6300 

2 April 

l^t, H 3 BO 3 blood of 1 April. Alkaline (ph 
ca, 9-5) 

7100 

6800 

3 April 

1 7o blood of 1 April. Neutral 

4700 

5100 


In the rapid experiments the thermo-couple was at 5 cm. from t he mixing (chamber throughout. 
The heat values in both columns refer to the reaction of (>210 solution wit h haemoglofun in solution. 

The values shown in Table VI are apparently much lower than those given 
by Roughton |1935|. Most of the difference is due to the fact that Rough ton's 
results by the slow method are given for tb(' reaction O 2 (ixi gas phase 
4- Hb -'> OgHb, whilst those in Table VI are for Og (in solution) -f Hb OgHb 
and must therefore bt^ lower than the former by an amount equal to the heat of 
solution of O 2 at 17"\ viz, 2S(.K) calories. It is possible, in addition, that the eight- 
fold dilution of the blood used in the present j>aper causes a slight lowering in 
the heat of reaction. 

(2) Hate of rtaction of CO and haemoglobin by ihennal and optical methods. 

The first experiment with CO water showed that, in agreement with the 
optical results of Roughton [1934] the CO-f-Hb COHb reaction occurs much 
more slowly than the Og-f Hb OgHb reaction; at such a rate, indeed, that the 
detailed course of heat production could be very easily foUoweid by observations 
with the differential thermocouple placed in various positions along the observa- 
tion tube. The cui'ves so obtained at first showed signs of a small absorption 
of heat in the upper part of the tube, but further investigation with pure water 
in each bottle showed that this effect was due to the blank correction already 
referred to in Part I (p. 2627). The curves could then be converted into % COHb- 
time curves by: 

(i) Application of the blank corrections {v. Tables I and II). 

(ii) Determination of the absolute temperature rise at any given point in 
the observation tube by means of the absolute thermocouple. 
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(iii) The necessary small corrections for differences in rate of flow of liquid 
where the position of the differential couple was varied or where the absolute 
couple was in the tube. 

(iv) A knowledge of the total CO capacity of the haemoglobin solution. 

These final curves were of the usual type, approaching asymptotically an 
end-point and having a half reaction time, r, of about 0*01 sec. ; the results of a 
typical experiment are given in Fig. 2. Six experiments in all were performed, 
with such consistent results that only one need be shown. The end-point in each 
case corresponded to a heat of reaction of about 80(K1 cals. 



Fig, 2. Kate of CX) + Hb -> CX)Hb by 2 Beparatt* methods: L = 1 4 m3i Hb (borated 
blood 1 in 4). B — l*0m3/CX); temjxirature — 20'^. 



Fig, 3. Kate of uptake of Ojj and CO by red blood cotpuado suspensions. 

As a final check on these curves, they were compared with those obtained on 
the same sample of blood by the optical method, for which we have to thank 
Dr G. A. Millikan. Fig. 2, depicting the results of a typical thermal experiment, 
likewise gives the points obtained in the same material by the optical method. 
The agreement is excellent, so that the conclusions drawn in the case of the 
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Og-Hb reaction also apply here: there is no evidence for the existence of 
secondary heat processtvs, and no rc^ason to suppose that the heat production 
does not proceed precisel}^ in step with the optical (diange. 

(3) Comparison of rate of reaction of Go and CO with (a) Hb in sohifion and 
(b) Hb in intact cmpuscles. 

Whereas in the case of the l eaetion of Og with Hb in solution no temperature 
gradient could be dctectcnl in the' observation tube, it was easy to show that with 
corpuscle suspensions containing the sanu^ average concentration of haemoglobin, 
a gradient could be consist (‘ut-ly observed, so that the effective half-reaction time 
was increased from < 0*002 sec. to about 0*007 sec. In the case of the slower reac- 
tion with CO, the diffusion tdfect was naturaUy less significant but was neverthe- 
less unmistakable, the time of half reaction being increased from 0*010 to 0*016 
sec. at 20*5'^. Some preliminary experiments are shown in Fig. 3. 


Discussion. 

It is (dear that the slow and rapid heats of th(‘se haemoglobin reactions are 
identical within the limits of (‘X})erimental error. This is (‘vidence agamst the 
existence of any secondary reactions, at any rat<* of marked heat content. 

The hypothesis of sc^condary chang(‘s, following the primary combinatioii of 
Og or 00 with haemoglobin, is nol supported hy the results of a direr*!, sr^arch for 
secondary heat eff(‘cts following the j)rinm-ry evolution of h<'at: in the ease of the 
rapid Oa-f Hb O^Hb reaction it is shown that the total heat is evolved within 
0*008 sec. or less of mixing, aiaJ that the mixed fluids show no further tempera- 
ture* change over a period of 80s(*c. In the case of the CO+Hb — COHb 
reaction, the evolution of heat followed the same course as the optical change, 
and thus again the search for sc<*.ondary changes gave* negatives results. TIk* 
excellent agreement between the th(‘rmal and o])ticaI data, how(*ver, sugg(*sts 
that results, by the thermal method, of experim(‘nt-s, in which oi)tical data are 
either unobtainable or suspected to b(* inaccurate, can be acce])t(*d with (con- 
fidence. 

An example is provided by the preliminary experiments on suspensioTis of 
intact red blood corpuscle susjjensions, where reliable optical data are difficult to 
obtain, on account of the optical lietcTOgeneity of the nu'dium and the eonst*- 
quent scattering of light. The experiments demonstrate* quantitatively the 
importance of diffusion, a factor which had on theoretical grounds b(^en shown 
by Houghton [19321 to b(^ of importance in regulating the rate of uptake of dis- 
solved gases by the red blood corjuisckvs. Th(\y suggest that further experiments 
on the same lines might provide the quantitative data necessary for a fuller 
kTiowledge of the diffusion coefficients of Og and CO in the contents of !,he 
corpuscles and in the membrane surrounding tluun. In piinciple it might be 
objected that the time relations in thermal records of reactions proceeding within 
the red blood corpuscles are distorted by the slowness of thermal conduction 
from the corpuscle to its surroundings : fortunately it is easy to show that in the 
times at present under consideration the error thus introduced is negligible. 
Assuming the corpuscle to be a plane sheet of thickness 1*4: jx and thermal 
conductivity == that of water =1 *4 x lO”®, it is found (by calculations similar to 
those of Houghton [1932] on diffusion of O 2 and CO within the corpuscle) that the 
transfer of heat from the inside of the corpuscles to the surroundings would be 
98 % complete within a period of 0*0003 sec., whereas the half-reaction times in 
these experiments are of the order of 0*01 sec., i,e, 30 times greater. 
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Further scope of the method in btood reactions. The method is now being 
applied to the kinetics of the COg reactions, which differ from those of Og in blood 
in not being accompanied l)y colour changes, which can conveniently be followed 
by optical methods. Alrc^ady it has been possible to measure the heat of the 
separate reactions ^ H2LD3, and HgOOg -* llgO-f (Dg, the usual 

methods of calorimetry having hitherto only been able to give the sum of the 
heats of these two reactions, without any indication as to their iiulividual values. 
Having obtained this basa! information it is hoped now to proceed to the thermal 
study of the kinetics of th(^ (Dg + IlgO reaction in tljc red blood 

corpuscle, which (‘ontains larger amounts of the catalyst for tliis reaction — car- 
boni(^ anhydrase. The tlnuunal method also appears to be the most j)roinising one 
for determining the rat(‘ of carbamino- com bination of COg with hatmioglobin — a 
process which has recently leapt into importance in the physiological ti‘ansport 
of (T)g by the blood. Tlnue is thus a large held awaiting the a})plication of the 
method in blood kinetics and possibly in other biochemical problems also. 

Summary. 

1. In Rough ton's method for recording the tim(‘ course of th(‘ heat effects in 
rapid chtunical chang(‘s, the two r(‘agents are driven by separate leads into a 
mixing chamber and thence into an observation tube: th(‘ temperature of the 
running tluid at various points of tin* latt-er is measured thermocdectrically to an 
ac(*ura(\v of ±0‘0(»r . Tlie ])resent method was rtapiirtrl, and was designed for, 
the stxidy of iH'actiotus in which the total bmiperat are change does not exceed 
0*0d5~P*0P and hence necessitati*s, as n^gards the trunperatiin' measurement, a 

0- to lO-fold gn'ater pi'eeision than its predceessor. This has been obtained in 
])art by special attention to the dimensions and lay-out of the apparatus, hut in 
tli(‘ main by immersing tlu' wliole apparatus in a wat(‘r tluTmostat, the leads, 
mixing chamber and observation tube being, however, separated from the water 
by air jackets. These improvements have made it feasible to use a galvanometer 
of 7 limes greriter sensitivity per mm. d(‘ffection than heretofore. 

2. Tt‘sts show that blank (‘ffecis and/or errors of non thermoehemii(*al 
origin are^ of the order of 0-(K)d4-0’(KK>8', and that by following e'xaetly the 
technicpie described in the text: 

(a) The “absolute'’' tempeu-ature elifferene^e be'twuen one junction in the 
running ffuid anei the other (the “colei” erne) at a standarel temperature outside 
can be meusureel tei an accuracy of ±0*0tM)2 e>n the average'. 

(b) The diftereuiee in temperature lietween two points in the observation 
tube, througli which the mixerl tiuiel is running, can be measure'el to an accuracy 
of + 0*00004 ’ on the average. The method is thus competent to follow, to w ithin 

1- 2 %, the time course* of heat effects, over a period of 0- 0*01 see*., in which the 
total temperature change does not exceed 0*01 . 

3. The method has be^en applied to the* study of the rapiel th<'rmoedie*mistry 
of the reactions eif haemogle^biii with oxygen anei carbon monoxielt*. It is found 
that : 

(а) In the case of the Og + Hb -> OgHb reaction, the heat liberated within 
0*008 sec,, docs not differ within the limits of error from the total heat liberated 
in 10-15 min., as measured by the usual slow methods of calorimetry; nor is 
there any evidence of delayed heat effects during the intermediate period between 
these two extremes. 

(б) The rate of the CO-f Hb COHb reaction, as measured by the thermal 
method, agrees very closely with the rate given by Millikan’s photo-electric 
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method* These results not only confirm the validity of the rapid thermal method, 
but also show that the primary combination of Og and/or CO with haemoglobin is 
not followed by any secondary reactions, at any rate of appreciable heat content, 
and that the heat changes do keep pace exactly with the optical changes in the 
reaction. The thermal method can thus be used with confidence for rapid reac- 
tions in which optical methods are inapplicable or less suitable, such as the 
uptake of Og and CO by haeirioglobin in intact red cell suspensions, of which 
some preliminary instances are given. 

4. The further scope of the method, particularly in the study of the kinetics 
of the COg reactions in whole blood, is pointed out. On the technical side the 
main desideratum is no longer an increase in accuracy, but rather a diminution 
in the volume of reagents required for each experiment, since this at present 
amounts to about 4 litres. 

Our thanks are due both to the laboratory mechanic, Mr W. L. Hall, and to 
our technical assistant, Mr A. Seeker, for much help in the detailed design of 
the apparatus and the carrying out of the experiments. 


REFEKENCEiS. 

Hartndge aiul iloughtoii (1923, 1). Proc. Moy, Soc, Land. A 104, 376. 

(1923, 2). Pror, Roy. Soc. Lomi. A 104, 3f)5. 

MiUikan (1933). J. Physiol. 79,158. 

Roughton (193C, 1). Prov. Roy. Sor. Lovd. k 126, 439. 

(193(», 2). Proc. Roy. Soc. Loud. A 126, 47(». 

(1932). Proc. Roy. Soc. Land. B 111, 1. 

(19,34). Proc. Roy. Soc. Loud. B 116, 473. 

— (1935). J. 29, 2604, 



OBITUARY NOTICE. 

RONALD SYDNEY MORGAN. 

(1904-1935.) 

Ronald Sydney Morgan was born in London in 1904. He was educated at 
the City of London School and the Royal College of Scjienee and Technology, 
South K(Misington, where, after obtaining a First Class Honours degree in 
Cht^niistry, he carried out nisearch under a G^ll(‘ge grant. In 1926 h(^ was 
ap})ointed principal as.sistant to th(‘ head of thc‘ Food Rest^arch Section of 
Messrs Lever Bros. Ltd. at Port Sunlight; four years later he was given 
conij)let(' charge of the Animal Nutrition Laboratory which was n^-opened 
at Spittal Old Hall and he was largely re8})onsibl(» for the ext(‘nsion and re- 
organisation of that department. Morgan took full atl vantage of the exceptional 
opportuniti(\s thus afford(‘d. At the time of his appointment there was much 
work to be doTie with regard to imdhods of manufacture of fat-soluble vitamin 
concfMitrates and liis res('ar(‘h(‘8 concerning the technique* of the pr(q)aration and 
assay of vitamins A and D have providf^d valuable contributions to the service 
of both Industry and Sci(‘ncc‘, His work at Port Sunlight was held in V(‘ry high 
estt‘cm both by bis prin(‘i})als and colleagues and lie was not only admired for 
his sci(‘ntiti(‘, ability and ])owcrs of achievement but was recognised as a man 
who had an abundant caj:»acity for friendship and service to all with whom he 
canu* in contact, Thosi* who work(*d with him believed that he had a brilliant 
future before him and his suddiui and tragic death on the 6ih Oetolx^r last has 
cut otf a life*. which w’as full of ])romisc. He leavers a widow' and tw'o children. 
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When young rats are fed on diets containing strontium carbonate they become 
rachitic. The bones of these, animals are characterised by a markedly diminished 
calcifying mechanism [Sobel et al. 1934]. At present, the nature of the alteration 
in the bone cell causing this variation is quite obscure. In fact, the entire 
problem of the factors operating locally in the bone cell is still unsolved. Whilst 
there are a number of theories as to what constitutes the “local factor’’, the 
bone “phosphatase mechanism’' is the only one supported by satisfactory 
experimental evidence [Robison, 1932; Robison and Rosenheim, 1934; Niven 
and Robison, 1934; Fell and Robison, 1934]. Even this enzyme is known not 
to be the only factor involved as was confirmed in our studies of strontium 
rickets [Sobel et al., 1935]. A fuithcr study of strontium rickets is therefore of 
importance because of the information that may be revealed regarding the 
factors responsible for calcification at the site of deposition. The present experi- 
ments seem to point to a “competitive retardation” of Sr+-^ upon the action of 
a constituent of the bone cell whose* concentration is a factor in calcification. 
This experimental evidence is discussed below. 

Referring to the results in our recent paper [Sobel et al., 1934] the question 
arose whether or not the destruction of the calcifying mechanism is com])lete 
in strontium rickets. This was studied by using artificial serum solutions having 
a Ca X P product higher than 60 for observations of in vitro calcification in the 
bones. In this manner it was shown that at a Ca x P product of 90 the amount 
of in vitro calcification corresponds to that obtained at a CaxP product of 
40 in the control group. This observation suggests that besides the concentration 
of Ca++ and P 04 ^ the concentration of at least one other factor is involved in 
bone formation. In strontium rickets this factor appears to be reduced and 
therefore the [Ca++] and [P 04 ^] must be increased to compensate. 

However, another possible explanation suggested itself. Strontium ions 
might remove the available phosphate ions by forming an unionised complex. 
This has been regarded as the most likely mechanism responsible for the 
inhibitory effects of magnesium ions [Shelling et al, 1928] and of protein 
[Sliipley et al, 1926] upon calcification in vitro. To determine whether or not 
this is so a study of the effect of Sr^ upon calcification in vitro was undertaken. 
It was first demonstrated that Sr^ ^ inliibits calcification in vitro. This inhibition 
was then studied quantitatively using bone slices from animals with calcium 
rickets. The sections were incubated in artificial serum solutions with a Ca x P 
product of 60 (Ca=10 mg./lOO ml, P=6»0 mg./lOO ml.) and varying amounts 
of Sr”^ ^ . 2*0--2-5 mg. of Sr+ + in 100 ml. of solution were sufficient completely to 
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inhibit calcification in vitro, although a Ca x P product of 36 is sufiScient in the 
absence of for in vitro deposition. Even if it is assumed that Sr exists as 
a completely unionised phosphate where the Sr/PO^ ratio is similar to that in 
SrHP 04 , 2-6 mg. of Sr would remove only 0*88 mg. of P which would still leave 
an effective Ca x P product of 51 (10 x 6*1), quite ample for in vitro calcification. 
Thus, it may bo seen that this inhibitory effect of Sr^+ may be explained by 
assuming that Sr acts directly upon a constituent of the bone cell. In view of 
the fact that the in vitro deposition of Sr has been demonstrated [Robison and 
Rosenheim, 1934] a comjxjtitive behaviour between Sr* + and Ca^ + for a factor 
residing in the bone may be readily imagined. Such an explanation also 
harmonises the inhibitory effect of Mg"-^ upon in vitro calcification with the 
reported deposition of Mg in vitro [Robison and Rosenheim, 1934]. 

Whilst the above explanation is very attractive, there may be two other 
explanations for the intt‘.rference of Sr^-^ with calcification within the bone ceU, 
(1) Formation of a soluble Sr-Ca phosphate complex. This would explain the 
phenomenon on a purely physico-chemical basis. (2) Impairment of a vital 
function of the bone cell due to the toxic action of Sr. In the first case normal 
calcification should be re-established as soon as the is removed. Since the 
diffusion of Sr < ■ should be rapid in a solution free from Sr, the restoration of the 
calcifying mechanism should take* place readily. In the second case the damage 
should be practically irreversible, since there is no reason to believe that vital 
function will be restortd unless the damaged tissue is replaced. If the inhibition 
is caused by a comjietitive behaviour betweem Sr and Ca as outlined in the 
previoiis paragraph, then tlie damage to the calcifying mechanism should be 
reversible. The rate of such a change would depend upon the v(‘locit57' at which 
the Sr (complex breaks down. This process would in all likelihood be slower than 
mere diffusion as poatulat<*d in the first possibility. 

The question of the reversibility of the injury to the calcifying mechanism 
in strontium rickets was therefon* studied both in vivo and in vitro in experiments 
in which the strontium-treated bone cells were subsequently bathed in fluids 
that did not contain Sr^ ■+*. 

To demonstrate this reversibility in vivo, animals which had at first developed 
strontium rickets were transferred to the calcium rachitic diet and daily obser- 
vations wer(^ made of in tntro calcification. At the end of 3 days tlie in vitro 
response was similar to that of the control group. Thus, a restoration of the 
calcifying mechanism was readily observed by in vivo methods. It was of interest 
to note that after 2 wrecks on the calcium rachitic diet the average weight of 
the animals attained that of the controls. Moreover, in vivo healing could be 
readily observed in 7 days if vitamin D accompanied the calcium rachitic diet. 

To determine whether the restoration of the calcifying mecjhanism occurred 
in vitro, slices of bones from animals with strontium rickets were incubated for 
72 hours instead of the customary 20 hours at a Ca x P product of 60. After 
72 hours there was a marked incre.ase in the amount of deposition in the 
strontium group when compared with the degree of calcification in 20 hours. 
These results are remarkable since it is known that the calcifying mechanism 
in the usual type of rachitic section disappears in about 20-24 hours when 
immersed in an artificial serum solution haraig too low a Ca x P product for 
new deposition [Robison and Rosenheim, 1934]. This loss of the calcifying 
mechanism was confirmed by the present authors. Morover, the control sections 
in the above experiment showed maximum amount of in vitro calcification in 
about 20 to 24 hours. Apparently, in the strontium group there is a gradual 
restoration of the calcifying mechanism whilst the reverse process takes place 
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in the control group during the same time. According to the above conception, 
it can be postulated that Sr in some manner prevents destruction of the calcifying 
mechanism. To explain this, one must assume the existence of a stable Sr 
complex with the same factor whose loss is a reason for the gradual destruction 
of the calcifying mechanism in the control group. If this complex undergoes 
the slightest dissociation then ultimately there will be an almost complete 
release of this factor in the free state, since the Sr will continue to diffuse out 
of the cell in a medium in which the concentration of Sr+‘^ is comparatively low. 
In such fashion the gradual increase of calcification can be explained. This 
explanation would be in harmony with the theory of a competitive action of 
Sr with Ca for a factor whose concentration plays a j)art in calcification. 

It can readily be seen that the other two explanations offend for the inter- 
ference of strontium with the calcifying mechanism cannot hold. If the injury 
were a purely physico-chemical mcichan ism, then a gradual decrease in calcification 
should take place in the strontium group during a prolonged period of time just 
as it does in the control group, since it is lik(‘ly that Sr could not preserve the 
bone-forming mechanism unless it were in combination with it. On the other 
hand, if the injury were inflicted upon the vital action of the cell then simple 
removal of Sr would not cause a restoration of the vitality of the cell in a purely 
inorganic solution which can hardly allow for the building up of organic tissue. 


Expbeimental. 


Albino rats raised in our laboratory from an original Wistar strain were used. 
The mothers were kept on the stock diet of Bills ei al. [1931]. The young were 
ordinarily weaned at 21 days of age at which time they were placed on the 
stock diet. At 3 to 4 weeks of age administration of the experimental diets was 
begun. Th€\se were modifications of the Stecnbock-Black [1925] rickets- producing 
diet which consisted of a basal regimen with addition of Ca or Sr as follows: 


Ba.sal diet I 


R, 

Commeal (Quaker Oats) 7] g. 

Wheat gluten 20 g. 

Brewer’s yeast (Mead’s) ,5 g. 

NaCl 1 g. 


P-0*23g. 

7*4 mg. mol. 

Ca rachitic dirt — Basal diet 97 g. + 3 g. of CaC( ).j 
Ca = 1*2 - 30*0 rag. inol./lOO g. 

Sr rachitic diet — Basal diet 97 g. \- 3 g. SrC( >3 

8r - 1-7 % “ 19-4 mg. moI./l OO g. 


Basal diet 2 

70 g. 

16 g. 

10 g. 

i»:-0-15g. 

--4 S mg. mol. 


In the first experiments diet was used. Later on, when a favourable effect 
of diet Bg was noted in the growth of the calcium rachitic group, this diet was 
used in producing strontium rickets. In the latter case, both the growth curve 
and the in vitro response of the bones were similar to those on diet Bj . 

The animals were X-rayed regularly once a week for the duration of the 
experiment. Plate VI, figs. 1 and 2 are typical roentgenograms of a young rat 
suffering from rickets due to strontium and of one suffering from rickets due to 
calcium. It is to be noted that at the border zone of the motaphysis and diaphysis 
in the tibiae of the strontium-fed animal a double line is present. This double line 
seems to be characteristic of strontium rickets and persists even 2 weeks after 
transferring the strontium fed group to the calcium rachitic diet, which is as far 
as such a change has been followed by the authors. Histologically, the bone 
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PLATE VI 


Fig. 



1. Koeiitgeiiogram <»f tlic rear part of a rat 
suffering from rieUet^ due to strontium. 



Fig, 2. Roentgenogram of the rear part of a rat 
with control rickets. 
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picture is essentially that described by Shipley et al. [1922]. There is persistence 
of the prohferating cartilage with increased osteoid tissue, the epiphysodiaphyseal 
junction is irregular and resorption of the bones is checked. 

The percentage bone ash in general had a tendency to decrease with prolonged 
experimental perk'd and increase with the initial age of the experimental 
animals. The average values for the bone ash percentage of the fat-free femora 
from the strontium groups varied from 28 % to 35 % in different experiments 
after 21 days on the expcjrimental diet. Most of these wito between 31 and 
34 % . There was no significant difference in the bone ash values between the 
animals on diet and diet Bg. In the calcium group the bone ash values of 
the animals on B^ diet ranged around 29 % whilst those for the By group ranged 
around 34 % . 

The amount of growth was negligible in the strontium group during a 3- week 
pt^riod on the diet. During a similar period the weight gain of the calcium group 
on diet Bj averaged 15-25 g. and that of those on diet By averaged 40-50 g. 

It was also observed that animals wliich were transferred from a 14 -day 
strontium regimen to a subsequent 14-day calcium diet caught up in weight to 
those on the calcium diet for 28 days. 

At the end of the (experimental pc'riod the animals w(ire sacrificed and the 
tibiae were removed for observations of in vitro calcification. The technique of 
Shipley et al. [1926] was us(;d, artificial serum solutions having various Ca x P 
products being emj)loyed as media in w'hich slices of the growing ends of the 
bones -were bathed at 37°. After 20 or 72 hours the bones were removed, stained 
with silver nitrate, cleared and mounted. 

Most of the experiments wen^ reproduced 3 to 4 times. For the sake of 
brevity only typical expt^riinenls are described. 

Calcification in vitro of the bones of animals suffering from 
rickets due to strontium. 

The in vitro responses of bones of animals on diets Bj and By were observed 
at 14, 21 and 28 days on tlie experimental diet. Similar results w(Te obtained 
for these various periods. At a CaxP product of 10x6 the strontium group 
failed to show calcification.^ At a Ca x P product of 15 x 6 the degree of in vitro 
calcification was about -f to q- -f -f -f . This corresponds to the degree of 
calcification observed in the controls at CaxP 10x4. The control group at 
C^a X P 15x6 showed 4 ( -f -f 4- -f ) healing. All the above observations were 
taken after a 2()-hour period of incubation. 

The inhibitory effect of upon calcification in vitro. 

Sections of tibiae from animals suffering from richets due to calcium were 
incubated in an artificial serum solution with Ca x P 10 x 6 and varying amounts 
of Sr++ in the form of SrCly • 2*5 mg. of Sr^-+ in 100ml. of solution were sufficient 
completely to inhibit calcification in all cases. 2-0 mg. of Sr+^ were sufficient 
to inhibit in a number of cases. 

^ The degree of caloifioation i8 indieated as follows: + trace; + + broken thin line; 
4* + -f almost complete thin lino across the provisional zone; 4* + + 4- complete thin line across 
the provisional zone; 2 { 4* 4- 4- 4-) heavy line across the provisional zone including the primary 
tongues of cartilage; 3 ( 4- 4- 4- 4*) heavy line across the provisional zone including the primary 
and secondary tongues of cartilage; 4 ( 4- 4- 4- 4-) practically complete oalcifioation of the meta- 
physis. 
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The reversibility of the injury to the calcifying mechanism in vivo. 

Observations were made of the in vitro response of the bones of animals 
which were maintained for 2 weeks on strontium diet Bj followed by 2 weeks 
on calcium diet . Identical observations were also made on a control group 
of animals kept on calcium diet Bj for 4 weeks. The results were similar in 
both groups. At Ca x P 10x6 the response was 2(4- + + +) and at Ca x P 
15 X 6 it was 4 ( + + + + ). Another group of animals was given daily doses of 
33 Steenbock units of viosterol after they were transferred to the calcium diet 
from the strontium diet, Mtov 1 days on the viosterol and calcium diet regimen, 
marked healing was observed in vivo in these animals. 

In the next experiments animals on the strontium diet for 3 weeks were 
transferred to the calcium diet and daily observations were made of the in vitro 
response of the tibiae at Ca x P 10 x 6 as compared with controls. After 3 days 
on the diet the rats in the strontium group showed an in vitro response similar 
to that of controls. 

The reversibility of the injury to the calcifying mechanism in vitro. 

Slices of bones from animals with strontium rickets and with calcium rickets 
were incubated in artificial serum solutions having Ca x P 10 x 6. Observations 
were made at 20 and at 72 hours. At the end of 20 hours the strontium group 
showed either no calcification or only the faintest traces of it. In contrast to 
these findings the control group showed 2(+ + + +) to 3(+ + + +) healing. 
After 72 hours the strontium group averaged + + + to + + + + healing whilst 
the control group showed about the same amount of calcification in 72 hours 
as in 20 hours. 


2he loss of calcifying mechanism in vitro. 

To confirm the experiments of Robison and Rosenheim [1934] sections of 
bones from the calcium rachitic group wen' incubated for 4, 7 and 24 hours in 
an artificial serum solution of Ca x P 10 x 2 which is too low a i)roduct to cause 
in vitro calcification. After this preliminary immersion they were placed in 
solutions with Oa x P 10 x 6 and 15 x 6 for 24 hours. No healing was observed 
after the 24-hour immersion. After 7 hours there was j)ractically no response 
at Ca X P 60 whilst at 90 the amount of response was + to + + + + , which 
corresponds to that usually obtained at Ca x P 40. Aft('r 4 hours of immersion 
there was a slight response at Ca x P 10 x 6 con*espondmg to that obtained at 
Ca X P 10 X 3*5, whilst at Ca x P 10 x 9 the response corre8[)onded to that usually 
obtained at Ca x P 10 x 5*0 that is + + + + to2(+ + + +). 


Summary. 

1 . Comparative observations of in vitro calcification of bones obtained from 
rats with strontium and with calcium rickets were made. It was found that there 
was a marked diminution, but not a complete destruction, of the calcifying 
power of the bones of animals suffering from strontium rickets, 

2. The injury to the calcifying mechanism, in the bones of animals suffering 
from rickets duo to Sr, was shown to be reversible both in vivo and in vitro. 
This was accomplished by bathing the bone cells in fluids which were free of 
strontium. 
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3. The inhibitory effect of upon calcification in intro was determined. 
A high degree of inhibition was obtained, which favours the explanation that 
Sr*^+ has a direct effect upon some constituent of the bone cell. 

4. It is suggested that Sr combines with a factor whose concentration plays 
a part in calcification and thereby reduces the rate of bone formation. 
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In view of the great importance attached to tlie role of bone phosphatase in 
the intimate mechanism of bone formation [Robison, 1932; Kay, 1932; Robison 
and Rosenheim, 1934; Niven and Robison, 1934; Fell and Robison, 1934] 
investigations were undertaken to determine w^hether the remarkably reduced 
calcifying power of the endochondral cartilage in strontium rick('ts [Sobel etal.^ 
1934] is associated with a decreased activity of this enz\nne. Either a retarding 
effect of Sr++ on the activity of bone phosphatase, or the interference of 
strontium w'ith the formation or retention of this enzyme^ in the bone or cartilage- 
cell or both may cause such a change. 

With these considerations in mind the eff(‘ct of various concentrations of 
Sr"^*^ on the activity of bone pliosphatascj was determin(»d (as measun'd by the 
amount of sodium glycerophosphate hydrolysed per hour) : no significant change 
in the activity of the enzyme was observed. 

This negative result however did not rule out the possibility of a decreased 
phosphatase content in the ])one cells of animals suffering from strontium rickets 
when compared with the phosphatase content of the bone cells in cal(;ium 
rickets. Consequently, the phosphatase content in similar anatomical {)ortions 
of the tibiae of animals sulfering from strontium rickets was (X)mpar(Hl with that 
of corresponding portions removed from animals with (;alcium rickets. In 
addition, these enzyme values wert' compared with those of bones removed from 
animals which bad previously developed strontium ric'kets and which wore then 
changed to the cah'-iura rachitic diet and maintained on this diet until the 
in vitro calcifying pro].x^rty of the bone cartilage was restored. 

The results of those investigations have shown no significant differences in 
the phosphatase contents of the tibiae of the various groups of animals, although 
there was marked difference bc^tween the in vitro calcifying jx>wers of the tibiae 
in the same groups. Incubating the tibiae of the animals suffering from rickets 
due to strontium in artificial scrum solutions with a Ca x P product of 60 for 
22 hours failed to show new calcification. In contrast, the control rachitic group 
showed ample new calcification under identical conditions. The strontium group 
which was transferred to the calcium rachitic client showed deposition similar to 
that observed in the control group. 

It is obvious from our results that some factor other than phosphatase activity 
is altered in the bone cells of animals suffering from strontium rickets. Before 
the nature of this injury can be understood it will be necessary to understand 
the process of calcification in the matrix of the bone cartilage cell. It is hoped 
that further investigations, which are in progress, will throw additional light 
upon the subject. 


( 2646 ) 



STRONTIUM RICKETS 


2647 


Determination of phosphutaae activity. 

The tibiae were carefully excised. The epiphyseal portion of the bone just 
above the junction of the fibula was sliced into very small thin sections which 
were placed in small bottles containing 10 ml. of water saturated with chloroform. 
After 12 days the bottles wore vigorously shaken in a machine for 8~'12 hours. 
The extract was then filtered through a No. 42 Whatman filter-paper. At this 
stage, following the technique of Bodarisky |1933], 10 ml. of sii])strate wore 
measured into a t(*st-tube* l(Sx200 mm., warmed to 37'' and then treated with 
1 ml. of the filt/<Ted bone extract. The contemts were mixi^d by a single inversion 
and the tube plac(^d in a wat(T-bath at 37 ’. AftcT exactly 1 hour the test-tubess 
wf^re transferred t-o an ice-bath and 9 ml. of 18% trichloroa(;(?tie acid added. 
The contemts w(t<' then mix<Kl and filtered through two Whatman No. 42 filter 
papcTs. 2-5 ml. of this filtrate^ were us('d for the d(»t(Tmination of inorganic 
phosphate following the tetdinique of Fiske and Subbarow [1925] except that 
the amounts of reagents us("d «and the final volume were halved. The inorganic 
phos[)hate contemt of the bone extract was determined by adding 2 ml. of 20 % 
tri(4iloroacetic a(;id to 3 ml, of the extract and using 2-5 ml. of the filtrate for the 
colorimetric determination as outlined above. 

Tile phosphatas(‘ activity was expressed as mg. P liberate^d as inorganic 
phosphate by each bone in 1 hour. 

The t(‘ehnique us<*d for the* dett‘rmination of the phosphatase activity of 
th(*se })ones was a(‘quired after eonsidiTable preliminary investigations to 
deU^rmine the best conditions for the extraction of the enzynu'. The method 
finally adopted is .such that in our hands there was no measurable enzymic 
activity left in tin* residual bone. The greatest source of error lies in excision 
and KubsiKpient sli<*ing of the tibia ; therefore special pre(U\ution>s were taken in 
both eases. The tibia was excised in such a manner as to exclude any part of 
the fibular epiphysis, yet eompleUdy to include the tibial epiphysis. The slicing 
was carried out with sharp iWd-Parker blades, after which the blades were 
wash(‘d by dipping them into the chloroformed water used for the extrai‘tion 
of the particular bone. 

The pjj of the substrate* was 9-5 with our reag(*nts wh(*n pre})ared according 
to Bodansky [1933J. When pjj 8*8 was desired the adjustment was made by 
adding hydrocdiloric acid. No change of was obst'rved after the hydrolysis; 
this is to b(* expedit'd because only a small fraction of the substrate is hydrolysed. 

Measurements of phosphatase activity were made at pjj 9*5 and 8*8. Parallel 
detc^rminations at both reactions were carried out in some cases on aliquot 
samples of the same bone extract. The mean ratios^ of 14 parallel determinations 
are presented in Table 1. 

Table 1. Comparative phosphatase activities at p^ S-S and 9*5, 

No. of bones 14. 

Relative bone phosphatase activity — “p =0-(>40dr0 (K)48 

^-11 = 1-56 ±0013 
Pn o'o 


The results of a series of observations all through this papier are expressed as the mean 
value ± probable error of the mean. 
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The effect of strontium, ions on the. activity of hone pkosphcUase. 

To 10 ml. of substrate (p^ 8*8) various amounts of Sr++ in the form of SrCl 2 
were added. The was adjusted to 8*8 by suitable addition of alkali. The final 
volume was made up to 12 ml., to which 1 ml. of bone extract was added. The 
relative phosphatase activities ani shown in Table II. 

Table II . Relative phosphatase activities in the, presence of various amounts of Sr'^ +. 

mg. of Sr+ ^ in 100 ml. of hydrolyms mixture 0*0 0*2 1-0 4*0 20-0 80*0 

Kelative phosphatase activity 1*00 0*99 0*97 0*98 1*01 1*11 

It can be readily seen from the table that much larger amounts of strontium 
than are likely to occur physiologically do not interfere with the activity of 
the enzyme. 

Comparatwe hone phosphatase studies. 

Albino rats raised in our laboratory from an original Wistar strain were used. 
The mothers were k('pt on the stock diet of Bills et at. [1931]. The young were 
ordinarily weaned at 21 days at which time they were placed on the stock diet. 
At the age of 23- 24 days, this was replacicd by the expi*rimerital dic‘.t which was 
a modified Stejenbock- Black [1925] rickets-producing diet consisting of a basal 
regimen with addition of Ca or Sr as follows : 

Basal diet: Com meal 71 parts 

Wheat gluten 20 })arts 
Brewer’s yeast (Mead’s) 5 parts 
NaCl 1 part 

Ca rachitic diet: Basal diet 97 parts -h3 parts of CaCOg 

Ca == 1*2 % = 30*0 mg. mol./lOO g. P - 0*14% - 45 mg. mol./lOO g. 
Sr rachitic diet : Basal diet, 97 parts -f 3 parts of SrCO^ 

Sr=l*7 % = 19*4 mg. mol. /l(X)g. 0*14% - 45 mg. mol./lOOg, 

After about 21 days, when tin* X-ray examination showed evidence of marked 
rickets, the animals were either sacrificed or transfe^rred to the* calcium ractiitic 
diet for 3 to 4 days, and some of the tibiae removed for observations of in vitro 
calcification. The technique of Shipley et al. [1926] was use^d, artificial serum 
solutions having Ca x P product of (K) being employed as media in wdiich slices 
of the growing ends of the bontvs were bathed at 37^. After 20 hours the bones 
were removed, stained with silver nitrak*, cleared and mounted. In all cases our 
previous observations were confirmed. The strontium rachitic animals showed 
no deposition whilst the calcium ra(*hitic group showed about 2 ( + -f -f- 4* ) to 
3(44-4-4) healing.^ Both tibiae of the remaining animals were used for the 
determination of phosphatase) activity using the technique outlined previously. 
The experiments described below do not include the preliminary investigations 
which were necessary for the standardisation of the technique. 

In the first exjx)riment 25 animals were placed on the calcium diet and 21 on 
the strontium diet. After 21 days the animals were killed. The tibiae of four 
animals in each group were employed for the study of in viiro calcification. Both 

^ The degree of oalcifieation is indicated as fdlowsi + trace; h- + broken thin line; 
•4* + -H almost complete thin line across the provisional zone; -t- + 4 . + complete thin line across 
the provisional zone ; 2 ( 4* -f 4 4- ) heavy line across the provisional zone inclndiug the primary 
tojijtcnes of cartilage; 3 ( 4- 4- 4- 4 ) heavy line across the provisional zone including the primary and 
secondary tongues of cartilage; 4 ( 4- 4* 4- 4-) practically complete calcification of the metaphysia. 
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tibiae of the remaining animals were removed by the technique described, and 
used for subsequent determination of phosphatase activity at of 9*5. The 
results of the experiment are presented in Table III. 


Table III. Cornparativc phosphatase activities at pj^ 9-5 in the tibiae 
of animals suffering from strontium and calcium rickets. 



Ca rickets 

8r rickets 

No. of animals used for phosphatase 

21 

17 

dt^terminations (two tibiae from each) 

Mean initial weight in g. 

36-3 ±0-7 

45-7 ±0-8 

Mean final weight in g. 

54-9 ±1-4 

r>U6±M 

Mean phosphatase activity 

2*74 ±007 

206±0*07 

(mg. IVhour/bone) 

DifT. 

0-08 



UOtlli 


Moan phosphatase activity y lOU 

n.n 


Mean final weight 

Calcification t7i vitro at Oa a P =0u 

2(1 f k 4 ) 

3(4 -r 4 4 ) 

None 


From 1'al>l(» III it will be observed that the amount of in vitro deposition 
is markedly less in each of the strontiun\-fed groups than in the control group. 
At a (^axP product of 00 sections of the bones of the strontium-fed groups 
shc^wed n<^ deposition. In contrast t^) thes<^ findings the tibiae^ of the control 
groii]) showed a lK*avy line iruolving the primary and secondary tongues of 
eartilagt'. 

The mean phosj)hatas(‘ activity of the calcium group is 2*74 as compared 
with 2*0() in the strontium group. The difference of 0-08 is so small that it could 
not explain the marki^d differences observed in in vitro calcification studies, 
F'urthermore, this difference is not statistically significant (sec' Table IV). It can 
therefore be safely (concluded that the ]>hosphatase contents of corresponding 
anatomical portions of bone are the same in both th(‘ above groups. 

In the se(*ond experiment 4U animals were divided into three groups. Group A 
consisU^d of 16 animals and received the calcium rachitic diet; group B consisted 
of 13 animals and received the strontium rachitic diet; group C consisted of 
11 animals which had also received the strontium rac^hitic diet at first. After 
21 days 7 animals of Grou]) A and all of Group B were satTifieed. Tht^ tibiae of 


Table IV. Comparative phosphatase activities at p// 8^8 in the tibiae 
of animals suffering from strontium and' calcium rickets. 

Croup 0 
h>r rickets 

Group A Group B +4 days of Ga 

Oa rickets Sr rickets rachitic diet 


No. of animals used for phosphatase 
determinations (two tibiae from each) 
Mean initial weight in g. 

Mean final weight in g. 

Mean phosphatase activity 
(mg. r/hour/bone) 

Difi. 




7 

390 ±1*1 
52-6 ±1-4 
1-57 ±003 


10 

44 3 ±0-9 
49-2 ±1*4 
I 07 ±0*00 


5 

33-4 ± ±6 
35-6 ±1*8 
1*27 ±0-05 


01 0-40 

0*0071 00781 


Mean phosphatase activity x 100 „ . 

Mean final weight 

Calcification in vitro at Ca x ps=6() 2 ( + + + -f ) None 

3 (+ -f + + ) 


3*57 

2(*f + 4- +) 
3 ( •+ k Hh 4* ) 
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3 animals in each group were removed for observation of in vitro calcification, 
the rest of the tibiae being used for determination of phosphatase activity at 
jpii 8*8. Group C was transferred after 21 days to the calcium rachitic diet. On 
e.ach of the subsequent 3 days two animals were killed, and the tibiae iised for 
observation of in vitro calcification. At the end of the third day the tibia(^ were 
similar in in vitro calcifying }K)wer to those of the control rats. The following 
day the remaining five animals of Group C were killed and the tibiae used for 
the determination of phos})hatast‘ activity at pjj 8*8. The results of this experi- 
ment are tabulated in Table IV. 

From Table IV it can be seen that the mean phosphatase valutas of the 
control group and the strontium-fed group are again close to each other. In 
contrast to the previous experiment tlie strontium group here has somewhat 
higher values. At any rate, this difference is without significance when examined 
statistically. The mean phosphatase values of the strontium-f(»d group which had 
been transferred to the calcium rachitic diet appear to be significantly lower 
than either one of the other two groups. However, if the smaller size of the 
animals in this group is taken into consideration, the values are near those of 
the other two groups. Certainly, there is no increase of phosphatase activity 
in the last group as one might expect if this enzyme were involved in the 
restoration of m vitro calcifying power. It seems evident, tluTcfore, from these 
experiments that the phosphatase activity of the bone is not involved in the 
markedly reduced calcifying ability of the bone cells in animals suffering from 
rickets due to strontium. 

8xjmmary. 

1. Comparative determinations of the phosphatase acti\'ities of bones 
obtained from rats with strontium and those with calcium rickets were made. 
It was found that there was no significant difference in the phosphatase activities 
in similar anatomical portions of the bones from the two groups of animals. 

2. The phosphatase contents of the bones of animals which wen* transfi^rred 
from a strontium to a calcium rickets-producing diet were also det(*rmin('d. 
The mean phosphatase value of this group was somewhat less than that of th(^ 
previous two groups, but when adjustments are made for the smaller mean 
weight of this group the mean value approaches those* of the other groups. 

3. Strontium ions did not affect th(^ hydrolyvsing activity of phosphatase 
even in concentrations as high as 80 mg. of 8r^+ in 100 ml. of hydrolysing 
mixture. 

4. From this evidence it is concluded that there is no relationship between 
the marked loss of in vitro calcifying power and phosphatase activity in the bones 
of animals suffering from strontium rickets. 
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The discovery that the choline coutenit of the diet exercises a controlling influence 
on the amount of fat in tlu^ liver has provided the means for many investigations 
into the subject of fat met/abolism, and the results already obtained have 
iliustratfKl a niimbtT of aspt^cts of the problems involved. Several new factors 
have come to light coiu^erning tin* precautions which are necessary in order to 
study the action of f*holine and feel that at this stage it would be htdpful to 
other workers in the field brieli}’ to review th(^ conditions which must be 
fulfilled in studying tlu‘se choliru^ elTeets in various types of experiment. This 
seems the more imjiortant IxHause it has come to our knowk^dge that certain 
M^orkers have* enconnten^d diflieulty in dete^cting th(‘ results of choline* administra- 
tiem anel this W’e lielieve to be* due to a lack of appreciation of all the precautions 
ne*ejessary in the preparation eif the* experimental diets. Further, some of the 
results from emr own two laboratories seem to be in contrast and it may be 
helpful te) shejw that tluLse results, which re*latc^ to exjieriments carrieel out under 
soiiK'what different cemelitions, are* in fact ne>t at qualitative variance but eliff’er 
only in d(*gree. 

Oheiline has be(*n shown to exercise prophylactic and curative effects on the 
"fat'’ fatty liver and the " eholesttror’ fatty liver produced under a variety 
of experimental conditions and we propose first to discuss the " cholt‘steror’ fatty 
liv(‘r. Before proceeding further it is to be emphasis(*d that throughout this 
])aper the discussion concenis exjK^riments which have been carried out on rats 
and that it is yet to lx* determined to what extent these results apply to other 
speci(*s. 

Best and Ridout [1933] investigated the action of choline in preventing the 
increase in the amount of tht* liver lipoids which occurs when a diet containing 
cholesterol is a<lminisU*red to rats. By estimation of the ether-soluble hydrolysis 
products of the liver (fatty acids and unsaponi liable matter) they showed that 
choline administration prevented the accumulation which occurred in the 
absence of choline. Quantitative expiTiments suggested that the amount of 
choline necessary to maintain livers at their normal lipoid content w^as of the order 
of 190 mg. per rat per day. These rt^sults were extended by Best et ah [1934] who 
analysed the individual liver lipoids of groups of animals receiving a cholesterol- 
containing diet, with and without the Edition of 230 mg. of choline per animal 
per day. This amoimt of choline was found completely to prevent the glyceride 
infiltration, for the livers of the control animals contained 9*50 % of gly(?eride 
as against 1*61 % for those wliich received choline. Further, although it did not 
prevent the accumulation of cholesteryl esters completely, it was prev(mtive 
to the extent of some 60 % . (Control 4*36 % ; animals receiving choline 1-77 % ; 
normal 0*0 %.) 
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Further results on this prevent! \re action of choline on the ^^cholesterol’’ 
fatty liver have been obtained at Liverpool and will be published in detail in 
due course. They confirm however that choline has a very marked eflFect in 
preventing the accumulation of glyceride in the ^‘cholesterol” fatty liver, as 
inspection of the figures recorded in Table II will show. In these particular 
experiments the animals received a constant amount of choline, about 75 mg., 
and the liver glyceride was prevented from rising by 23*8, 12*77, 3*85 and 
0*21 % of the fresh liver weight. These experiments were carried out under 
conditions which caused varying degrees of glyceride infiltration in the livers 
of the control groups of animals. They show that, where the amount of liver 
glyceride is high in the absence of chohne, administration of that substance 
causes a very striking decrease. When the liver glyceride is at a lower level, 
pronounced decreases also result, although the ease of removal of glyceride 
appears less than in thost* cases where tlui amounts of glyceride are high. 

Turning now to the curativi' as opposed to the preventive action, Best and 
Huntsman [193’)] showed that the ‘ fat” fatty liver caused by feeding to rats 
a diet of mixed grain with 40 % of beef fat could be cured in 12 da 3 ^s by the 
administration to each animal of 5 mg. of choline dail 3 % and Channon and 
Wilkinson [1934] reported curative experiments carried out on similar lines on 
the “cholesterol” fatty liver. The conclusion from these experiments was that 
in 10-12 days choline exerted no curative effect on the cholesteryl esters of the 
hver but did cause a slight decrease in the glyceride content. It is to Ix^ em- 
phasised at this point that the “cholesterol” fattj" livers })roduced in these 
exjK'riments happened to be livers in which the gl^’^ceride content was low and 
of the order of 0 % . Best and Ridout [1935] then recorded th(^ results of similar 
experiments, but in contrast showed that choline givt^n in the amount of 100 mg. 
per rat per day caused a rapid fall in the glyceride in the period under discussion, 
although the finding that there was no effect on the cholest(?ryl esters in this 
period was confirmed. 

The contrast in these results is apparent rather than real, for it has become 
clear that both ease of removal and the degree of prevention of the liv(*r 
glyceride in “ cholestfjrol ” fatty livers depend in part on the initial glyceride 
level. In the curative experiments of Channon and Wilkinson the initial level 
of liver glyceride was low and in the short term experiment little c'ffect was seen. 
In the results of Best and Ridout [1935J the initial hwel was high and a marked 
effect was seen. This result, wliich has been confirmed in the Liverpool labora- 
tories, is further illustrated in preventive experiments by the figures recorded 
in Table II. 

The conclusion to be drawn therefore from the results from the two labora- 
tories is that choline will very readily prevent the accumulation and cause the 
removal of the glyceride present in the “cholesterol” fatty liver, but that the 
degree to which' these effects are obtained depends to some extent on the initial 
glyceride concentration. 

Considering now the cholesteryl ester fraction it ma}^ be stated that in neither 
laboratory have experiments yet been carried out in wliich choline has entirelj’^ 
prevented the accumulation of cholesteryl esters in the liver, although, as already 
pointed out, a prevention of up to 60% has been observed. The conditions of 
these experiments in both laboratories have however been drastic in that the 
diets have contained 2 % of cholesterol and 20 % of fat. In curative experiments 
choline has little, if any, effect on the cholesteryl esters in 10-12 days when 
large doses of cholesterol are used. It is to be noted however tho»t Best and 
Ridout [1935] reported results which show that, whilst some mechanism exists 
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for the removal of cholesteryl esters from the liver in th(^ absence of dietary 
choline, the presence of choline in the diet canned an accelerated rate of removal 
which began after some 18 days. Experiments of this duration have not been 
carried out in Liverpool. It is clear from all the work so far carried out that 
both the preventive and curative actions of choline on the cholesterol fraction of 
the liver are much less pronounced than those on the glyceride. 

The next point to be considered is the precautions which must be taken if 
the results of the administration of small amounts of choline are to be observed 
and this loads to discussion of dietary substances, other than choline, which also 
exercise control on liver fat. In their original work Best and Huntsman [1932] 
observed that betaine also possessed a lipotropic action. Mort^ recently results 
from both our laboratories show that a dietary constituent, the chemical nature 
of which has yet to be determined, is present in the protein fraction. In this 
paper tJu' term "protein fraction” is used in the general sense, without defining 
in any way whether the lipotropic activity associated with it is due to an integral 
part of the protein molecule as such or associated as a contaminant. 

The first work on this subject appeared when Best and Huntsman [1935] 
reported some experiments con<*.ermng the effect of transferring animals which 
had fatty livers (fat 10% and 13-5%) to a diet of pure sucrose. They found that 
such a transfer n^.sult^Kl in an average incn‘.ase of liver fat by some 8 % . If a 
di(*t of 80 % sucrose and 20 % ca.seinogen were used however this increase did 
not occur. Assuming daily consumption of 10 g. of the diet per animal this 
m(*ans that 2 g. of caseinogen liad prev(*nted an 8% rise in liver fat. Mt^an while 
C^hannon and Wilkinson were investigating this li])otropic td'ect of protein from 
another point of view by feeding expriments on normal animals and during 
the eotirse of that work became aware of the results wdiich had been obtained 
at Toronto. In reporting their results, howev'^er [Cvhannon and Wilkinson, 1935], 
they inad\ erticntly failed to make reference to this Toronto exprime nt. Because 
of the low pere(*ntage of glyceride (5-7%) which appeared in the " cholestcror’ 
fatty livers me^ntioned on p. 2652, it seemed to them that some other factor 
besides dietary choline must be involved in controlling the glyceride infiltration 
and they accordingly carried out a series of expriments on the ’ fat" fatty liver 
in which the fat content of the diet was maintained at a constant level, 40 % , 
while tlu* prokmi (caseinogen) conUmt of the diet (0-50%) was varied at the 
ex|X"nse of the carbohydrate* (glucose). Their conclusions from these experiments 
were that the amount of fat appearing in the liver w^as determined by the 
amount of protein in the diet, irre^speetive of any action of choline. 

This paper was follow^ed by one from Best, Huntsman, McHenry and Ridout 
[1935] in which it w^as stated that, w^heii the fat content of the diet was 20% 
(Channon and Wilkinson used 40% fat) and the protein content as high as 
15-20%, rapid accumulation of glyceride appeared in the liver. Further, even 
when the fat content was as low as 3%, glj^ceride still appeared in the liver, 
provided that the amount of lipotropic substances in the diet was very small. 
The results recorded in that paper were concerned with fei*diug experiments in 
which a relatively fixed percentage of protein was employi*d (15-21%); the 
finding that such a protein percentage yet permits fatty livers on diets containing 
as little as 3 % of fat must not be interpreted as indicating the absence of a 
lipotropic effect from the protein fraction and therefore as being opposed to 
those of Channon and Wilkinson [1935], Experiments have since been carried 
out in Toronto by methods which were the same as were used by tl\e Liverpool 
workers, save that the diets were essentially choline-free and were administered 
to much larger groups of animals. The more complete results which these 
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experiments have given confirm the findings of Best and Huntsman [1935] and 
are in complete harmony with those of Channon and Wilkinson that in the 
conditions of these experiments the protein fraction of the diet exerts a lipotropic 
effect. These latter authors have further confirmed their previous findings and 
have also extended them to a study of the “cholesteror* fatty liver problem 
with the same results. The further data from the two laboratories, showing the 
lipotropic action of dietary protc'in, will be published in detail in due course. 

The next point for consideration is the means whereby the protein fraction 
of the diet exercises this lipotropic effec^t. Various suggestions have been made 
as to the mechanism of this action [Best and Huntsman, 1935; Channon and 
Wilkinson, 1935; Best, Huntsman and Bidout, 1935 1 and in order to dispel any 
possible confusion as to our views it is to bo stated that in neither la}>oratr>ry 
has evidence yet betm obtained as to whether the protein is exercising its offe(‘t 
through an amino-acid or some other integral part of the protein molecule, or 
whether there is some contaminating lipotropic; substance. It can now definitely 
be stated however that contaminating choline can account for only an insigni- 
ficant part of the caseinogen etTeet. Should some asjx'ct of ])r()tein metabolism 
be involved in the lipotropic eifect, the experiments at lui\erpooI, in whicli th(‘ 
action of pure amino-acids, and at Toronto where the lij)otropic effects of the* 
fractions of protein hydrolysates, are being investigated, should provide further 
information. 

It is not j)ossible on the basis of tin* figures available' adeepiately to (*om})are 
the lipotropic effects of th(' jirotein fractions used in our two laboratories. SucJi 
figures as an* available have been obtained in experiments of diffenmt types. In 
the original experiments of Best and Huntsman |1935J 2 g. of }>rot(un caused 
a decrease of 8% in the liver fat, and Best, Huntsman and Ridout [1935j 
('xpressed the view that 2 g. of their caseiiiogf^n had the e(pff valent effect of 
1 mg. of choline. In yjroventive (‘xperimeuts in Liverpool 2*5 g. of protein hav(' 
generally lowered the livt*r fat by 20 % . A(;curale comparisons cannot be mad(‘ 
however until the lipotropic eff’eel of the proteins is assessed in terms of choline 
and this is at j)re8ent undcT investigation. Meanwhile we have th<* g(;neral 
imprc'ssion that the protein fractions used in Liverpool ma}^ possess lijiotropic 
actions greater than those used in Toronto. 

For the benefit of other workers it may b(' useful to discuss the question of 
the })orccntage of liv€*r fat which may result from diets of varying fat and 
protein contents and the conditions necessary for obtaining high liver fat l<‘veJs, 
Here difficulties arise becau.se of complicating factors eoneemed with the com- 
position of the diets, the chief of wliich is the provision of vitamin Bj. Dried 
yeast and certain yeast pr(*parations which are commonly used as sources of 
vitamin B^ may contain considerable amounts of choline. In Toronto this 
difficulty has been overcome by the use of crystalline vitamin Bj , which has been 
made available through the generosity of Messrs Merck, In Liverpool, because 
it has not been foTind possible; to obtain samples of crystalline vitamin B^, it 
has been the practice to use 5% marmite in the diet in order to supply this 
vitamin. Biological assays on this material, carried out both at Toronto and 
repeatedly in Liverpool, show that marmite contains about 3 mg. of choline 
per g., so that on a daily intake of 10 g. a rat rc^ceives 1*5 mg. of choline from 
this source. It is possible also that tliere may be present in marmite some other 
substance which exerts a lipotropic action, but such evidence as is available at 
the present time does not appear to support that possibility. 

Since Best and Huntsman [1935] amply demonstrated the preventive effect 
of 5 mg. of choline in ‘ fat fatty liver production, it is clear that the daily intake 
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of the 1*5-2 mg. present in 0*5 g. marmite must render any comparison between 
the liver fat levels obtained in the two laboratories very uncertain. In experi- 
ments in which the diets contained the same amount of fat but considerably 
more protein, Best, Huntsman and Ridout [1935] obtained considerably higher 
liver fat levels than those obtained in Liverpool and it was on this finding that 
they based the statement that comparison of the results from the two laboratories 
did not appear to show that a lipotropic effect of protein per se was apparent. 
These authors did not intend to convey the impression that they believed that 
the protein fraction was not exerting a lipotropic effect: in fact, they had 
observed this effect re^peatedly. Further, it may be staked here that it is v^ery 
difficult to compare the results from the two laboratories when findings which 
may be affected by such factors as the type of protein fraction, the exact naturci 
of the carbohydrate etc. are under discussion. In diets used in the two laboratories, 
when‘ the only apparent substantial difference is the presence of vitamin Bj, or 
marmite, the geiu^ral tendency must clearly be for higher levels of liver fat to 
appt^ar in the Toronto results than in the Liverpool ones, although the general 
effects will not be obscured by the marmite, unless the particular diets are such 
as to cause a relatively low degree of fat infiltration. The Toronto workers [1935] 
quoted an avt^rage fat content of the livers of 50 animals receiving a diet of 
40 % fat and 21 % protein for 3 weeks of 17 % and contrastcKl this with the 12 % 
found originally by (shannon and Wilkinson in animals receiving the same 
amount of fat and one-quarter the amount of protean. The figures recorded by 
(liannon and Wilkinson hafipened in that particular exix^riment to be at an 
unusually low l(‘V('l, possible reasons for which are discussed later. The mean 
valiK' for all the Hi animals whidi have received this 5 % prottun diet with 40% 
of fat sinc(» those original results is however 24*6%. Bearing in mind that in 
every case tin* diet has contained some 2 mg. of choline ])resent in the marmite^, 
it is yet <4ear from thes(‘ Hid)sequent results that the lipotropic effect of the 
protein fraction is demonstrated, even by comparison with the 17% figure^ 
rc'corded l>y tlie Toronto workers for a diet containing 21 % ]>rotein. Thus on 
thes(‘ figures it is possible that the prohnn per se is exerting an effect, but it is 
obvious from what we have already stated that the lijwtropic action of the 
prot(*in fraction may prove to be due in part or completely to a contaminating 
non-choliiH* lipotrojjic factor. Such comparison also seems to indicate tliat 
lipotropic substances other than choline or protein are not present in the 
marmite to any significant extent. 

Tt is probably the })resonce of marmite in the diet which explains the lack 
of consistency com})ared with other results in some of the experiments n»ported 
by Channon and Wilkinson, a point to wliich the Toronto workers have drawn 
att<mtion. 

The next point to bo discussed is the effect of weight losses by the animals 
on their conti^nt of liver fat. Channon and Wilkinson ( 1935] neglected the result 
of one of their experiments in which every animal lost weight. Best, Huntsman 
and Ridout [1935] however recorded a large series of figures showing that there 
was no correlation between weight losses in animals on a given diet and their 
liver fat content. Although similar results had been obtained in Liverpool, 
showing that on a diet which caused slight gains in weight in som(‘ animals and 
slight losses in others the weight change was not related to the liver fat, Channon 
and Wilkinson thought it unwise to base deductions on the results of the one 
group of animals in which weight losses had been experitmctxl by every animal. In 
all the other groups the average weight change had been from — 0*6 % to 4-31 *6 % , 
w’hereas in this particular group the average weight change was — 12*6%. 

Biochem. 1935 xxix 169 
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As pointed out in a preceding paragraph, the mean value for the liver fat 
of 87 animals receiving the 5 % protein diet has been 24*6 % , as against that of 
12 % originally reported, and a brief discussion is necessary on this very con- 
siderable increase. The limited groups of 6 animals which were previously used 
must necessarily be a factor, but cannot account for more than a small part of 
the difference. The Toronto workers in their earlier work pointed out that at 
times they failed to obtain fatty livers in groups of animals on diets which 
produced fatty livers in other groups of animals and no explanation of tlxis 
finding is yet forthcoming. Further, they have emphasised that it is necessary 
in every experiment to use control groups, because even animals from the same 
stock do not consistently give the same figure for liver fat content when put on 
the same diet at different times. In Liverpool this latter observation has been 
confirmed many times. There apjwar therefore to be other factors yet to be 
determined which cause this variation in liver fat level. One of these clearly 
may be temperature, and in this comiection it may be stated that when the 
experiments of Channon and Wilkinson were carried out the animal house was 
not thermostatically controlled. Further, the extreme susceptibility of the liver 
fat to change is illustrated by an experiment of Best and his colleagues, who 
observed that frequent handling and subcutaneous injection of saline had an 
interfering effect. The reasons for these varying results from groups of animals 
on the same diet clearly need further investigation. 

The preceding discussion will, it is hoped, clarify the conditions necessary 
for the study of the effects of choline in the fatty liver problem and wo think 
that lack of appreciation of some of these conditions has been responsible for 
difficulties which may have been encountered by other workers. 

Obviously the ideal diet would contain no substance having any lipotropic 
effect. This means that in the first place the diet must be cholino-free, as can 
be demonstrated by hydrolysis of the constituents and biological assay of the 
acetylated products on the isolated rabbit int('stine. Secondly some of the food 
constituents of the diet may contain betaine or substances of the betaine class, 
or other unidentified lipotropic factors. No method of estimating these is 
available. Lastly, oven in the absence of any of these substances, dietary protein 
itself may exercise a lipotropic effect. As already pointed out, one of the main 
difficulties is the provision of vitamin Bj, without which the diets on the whole 
are poorly consumed. Crystalline vitamin B^ is obviously the most satisfactory 
material but, if it is not available, care must be taken to choose a material 
containing as httle choline as possible. Unless the diet is extremely low in 
lipotropic substances (t.e. equivalent to less than 1 mg. of choline per day), 
the effects of choline administration will not be observed in experiments in 
which the dietary conditions are less drastic. The main difference which exists 
between the Toronto and Liverpool results under discussion is connected with 
this factor and may be summarised by saying that on diets of similar com- 
]X)sition, differing only in the provision of vitamin B^ in crystalline form or as 
marmite, livers reach a higher level of fat content in Toronto than in I^verpool. 
It may be stated that with diets of constant protein content, but of variable fat 
content, the degree of fat infiltration in the liver increases witli the fat content, and 
further that with diets of constant fat content the liver fat increases with decreas- 
ing protein content. The most int/cnse degree of fat infiltration will be produced 
when the diet is high in fat and when the protein fraction is kept at as low a level 
as is desirable, with the diet free also from other lipotropic substances. 

Lastly, because of the difficulty which some other workers appear to be 
experiencing in demonstrating the effect of choline, we consider it of value to 
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Table I. PreverUive action of choline on the ‘*fat ’’ fatty liver. 


Control 



Duration 

No. of 


Exp. 

of exp. 

animals 

Liver fat 

No. 

(days) 

in group 

<v 

/o 

B 1 

21 

9 

20-8 

SI 

17 

6 

24- 1 

S2 

2U 

9 

240 

S3 

18 

9 

15-75 

S4 

18 

12 

2«1 

S5 

19 

10 

28-2 

S6 

13 

16 

25-5 



Control + choline 



Fall in 
glyceride 
caused by 
choline ad- 
ministration 

r 

No. of 
animals 

Liver fat 

Choline/ 

rat/ 

day 

in group 

o/ 

/o 

(Wig*) 

O' 

/o 

10 

5-65 

79-0 

14-1 

G 

5-2 

80-0 

18-9 

10 

8-5 

79-0 

15-5 

10 

5-25 

61-0 

10-5 

12 

7-2 

31-0 

18-9 

10 

6-7 

20-0 

21*5 

16 

8-2 

8-7 

17-3 


Tn Exp». S 3 and S 4 the amount of clioline administered varied somewhat durinj^ the periods 
of the experiments and the figures recorded are for the average daily intake. 


Table IJ. Preventive action of choline on the glyceride fracAimi 
of the "" choleMeroP^ fatty liver. 


Control 



Duration 

No. of 

Liver 

Exp. 

of exp. 

animals 

glveeride 

No. 

(days) 

in group 

o/ 

/o 

W 

21 

10 

24-78 

\\h 

21 

10 

16-17 

Wr 

21 

10 

611 

Wr/ 

21 

10 

2-92 



Control -f- {‘holine 

Fall in 


A 


glyceride 

r 





Choline/ 

caused by 

No. of 

Liver 

rat/ 

choline ad- 

animals 

glyceride 

day 

ministration 

in group 

(.*/ 

; O 


O' 

/O 

10 

0-98 

80-0 

23-8 

10 

3-40 

77-0 

12-77 

10 

2-26 

77-0 

3-85 

10 

2-71 

74-0 

0-21 


refer to n^sults whic3h have been secured iride^)t*ridentty iu Liverpool. These 
results have btjen obtained, not with the spc^cific pnrjx^se of demonstrating the 
alr(3ad>' well (*stablished effect of choline, but merely as a routine in ordtT to 
assay the lipotroi)ic effect of other substances in terms of choline. In Table I 
therefore is recorded a series of preventive experiments on the “fat*’ fatty 
liver. The figurt^s in Table 1 show the striking effect of choline in preventing 
the accumulation of fat in the bver. No figures are available concerning the 
minimum amount of choline which will result in a preventive, if not a com- 
pletely preventive, action. On diets containing 40% of fat the above figures 
show however a decrease of 21*5% cau.sed by 20 mg. of choline and one of 
17*3 % caused by 8-7 mg. of choline, although in neither case has the liver fat 
reached the normal level of 4%, results which amply confirm the Toronto 
finding as to the effective action of small amoimts of choline. 

In another series of Liverpool experiments the preventive action of choline 
on the “cholesterol** fatty liver has been studied and Table 11 records some of 
the results concerning the effect on the gl^'ceride fraction. Here again no attempt 
has been made to roach the minimum figure showing a preventive action. 


, SXTMMABY. 

1. Present knowledge regarding the action of choline and other substances 
in the prevention and cure of fatty livers induced by dietary means is discussed 
and the results obtained from the laboratories at Liverpool and Toronto are 
shown to be not at qualitative variance but to differ only in degree, governed 
by the somewhat different conditions under which experiments have been 
carried out. 
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2. The protein fraction of the diet exercises a controlling influence on the 
amount of the liver lipoids. Possible means whereby this lipotropic action of 
the protein fraction exerts its effect are discussed. 

3. The precautions necessary for planning diets adequate for observing the 
effects of choline are considered in detail. 

4. Figures which have been obtained independently in Liverpool on the 
preventive action of choline on the “fat"’ and “cholesteror* fatty livers are 
recorded. They confirm the findings obtained at Toronto, 

The expenses of the work carried out at Liverpool have been borne from 
an expenses grant from the Medical Research Council, for which grateful 
acknowledgment is made. 
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CCCXV. THE INFLUENCE OF THE CASEINOGEN 
CONTENT OF DIETS ON THE NATURE OF 
THE ‘‘ CHOLESTEROL'^ FATTY LIVER 

By ALAN WILMOT BEESTON, HAROLD JOHN CHANNON 
AND HARRY WILKINSON. 

From the. Department of Biochemistry, the University of Liverpool, 
(Received October 31st, 1935.) 

In continuation of investigation of factors influencing the nature of the 
cholesteror’ fatty liver, Channon and Wilkinson [1935] carried out experiments 
in which the percentage of protein (caseinogen) in the diet was varied at the 
expense of the carbohydrate (glucose). The results of those experiments, which 
W(^re carried out with relatively small groups of animals in investigations 
concerned with the production of the “fat fatty liver, indicated that the amount 
of glyc(Tide in the “fat” fatty liver was governed by the amount of caseinogen 
in the diet. A further (»xfu*riment of similar nature on the “cholesterol” fatty 
liver was reported. The livers of animals receiving 5% ctiseinogen in the diet 
contained 19*88% (wet liver weight) more glyceride than did those of other 
animals niceiving 30% of the protein. Criticisms of some of the individual 
experiments r(*corded in that paper have been made by Best, Huntsman and 
Ridout [1935]; since these have l)een discussed in a joint paper from the two 
laboratories, th(‘y need not be referred to further [Best and Channon, 1935]. 

Th(' prf'sent paper is concerned with an extension of this experiment on the 
“cholesterol ” fatty liver, in order to confirm the li}K)tropic action of the protein 
fractions of diets containing cholesterol on the glyceride content of the liver and 
to study wliether an 3 ^ eff(‘ct w'as also exercised on the lipoid constituents other 
than the gl^xjeride; to attempt thereb^^ experimentally to produce “cholesterol” 
fatt^^ livers of varying glycc^ride c-ontent; to study the preventive action of 
choline on such livers in the hope of throwing light on the qm^stion of whether 
choline affects the cholesterol fraction directly or onl^^ indirecth" virtue of 
its action on the glyceride ; and further to seek evidence which niiglit differentiate 
the lipotropic action of dietary" protein fractions from that of choline. 

Experimental. 

The first experiment was carried out by anal^^sing the pooled livers of groups 
of animals by the methods previously used after 3 weeks' feeding on diets 
containing varying percentages of caseinogen. The materials wliich were in 
constant proportions in the diets of all the groups of animals were : beef dripping 
20, cholest(Tol 2, salt mixture 5, marmite 5, with one drop of eod-liver oil per 
animal every 3 days. The four diets differed however in that the protein content 
(caseinogen, 5, 10, 15 and 30 parts) was varied at the expense of the carbo- 
hydrate (glucose, 63, 68, 53 and 38 parts). The caseinogen had been previously 
extracted industrially and was further extracted several times with hot alcohol- 
ether mixture before use. 


( 2659 ) 
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Each group of animals consisted of 5 bucks and 5 does, chosen so that one 
animal of each sex of as nearly as possible the same weight was present in each 
group. The average initial weights of the animals in the groups receiving 5, 10, 
15 and 30% caseinogen in the diet were 155, 158, 155 and 151 g. respectively. 
Two animals in group 1 and one animal in group 2 died during the experiment. 
At the end of the experiment there were 8, 9, 10 and 10 animals in the four 
groups respectively. The corresponding average changes in body weight at the 
end of the experiment, calculated as percentage of the initial value, were 0-0, 
-flM, 4-18-0 and 4-17 0%. 

The animals were allowed food ad libitum and at the end of the experiment 
were killed 24 hours after the last feeding. In order to obtain the livers in as 
comparable a state as possible from the point of view of their blood content, 
a guillotine was used for the killing and the liver dissected from each animal 
after as much blood as possilile bad been drained from the body. It was hoped 
that this precaution might help to avoid some of the variations which have 
been previously encountered in the percentages of liver fat in individual animals 
and this method of killing has now been adoptcnl as routine. 

The results of this experiment are recorded in Table I. Before discussing 
the results it is necessary to emphasise that, save for the protein and carbo- 
hydrate fractious, the ditds were of constant perccnitage com})osition for all four 
groups. By biological assay the choline content of tills constant fracdiou of the 
diet was found to be such that each animal received less than 2 mg. of choline 
per day, the marmite contributing practically the whole of this amount. The 
only dilference in the intake of choline from this fraction of the diet by the 
different groups deptmded on the differences in food intak<s which wore small. 
Consequently in considering any ])ossible effect of choline in relation to that of 
the protein fraction, the choline content of the latter only has to be takfui into 
account. This was determined several times in this Department and was found 
to be 0-8~l-2 mg./lOO g. In order to obtain confirmation of this figure a sample 
was submitted to Prof. Best, who very kindly carried out independent dciter- 
minations at Toronto and reported a figure of less than 54) mg. /1 00 g. Any 
possible choline content of the glucose can be neglected because, if choline were 
present in that material, it would diminish any effect shown by decreasing the 
prottiin content of the diet. Figures for the average daily intake of choline by 
the different groups are recorded in Table I. 

Table 1. Percentage of lipoids present in the livers of rats receiving diets containing 

^O^lofat and 2^1^ cholesterol with varying percentages of caseinogen (g.jlOO g, 

fresh liver). 


Group no. 

1 

2 

3 

4 

Caseinogen content of diet, % 


10 

1.6 

30 

Liver as % of final body weight 

609 

6-35 

5-18 

4-45 

Choline intake (mg./rat/day) 

1-65 

1-80 

l-7» 

1-65 

Lecithin, % 

1*71 

2-31 

2-83 

3-14 

Cholesterol, % 

0*29 

0-32 

0*35 

0-37 

(^holesteryl oloate, % 

5*89 

7-26 

8-30 

9-72 

Glyceride, % 

32-76 

21-42 

14-06 

4-23 

Total, % 

40-64 

31-31 

25-54 

1746 


The figures in Table I show the striking effect of varying the caseinogen 
content of the diet at the expense of the carbohydrate in increasing the per- 
centage of the total lipoids present. Inspection of the figures for the individual 
constituents shows that with the increase of the protein fraction of the diet 
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from 5 to 30 % there are consistent progressive increases in the percentages of 
lecithin {1-71 to 3*14%), cholesUirol (0*29 to 0*37 %), and cholesteryl estc^r (5*89 
to 9*72 %), in a manner wliich might suggest a dirt^ct effect of the protein fraction 
in controlling these constituents in the conditions of these experiments. Further, 
the percentage of the glyceride increases profoundly in the reverse direction, for 
group 1 (5 % protein) contains 32*75 % as compared with group 4 (30 % protein) 
which contains 4*23% with a regular gradation in the intermediate groups. 
All these findings are confirmed l>y groups 5u/~8a in Exp. 2 to be described later. 

The results appear to be dissociated from any effect of choline. In the first 
place the amount of cascinogen ingesk^sd by groups 1 and 2 differed by axjproxi- 
mately 0*5 g, per animal daily and this has caused a decrease of 11*33% in the 
glyceride content calculated on the fresh liver weight. On a choline content of 
5 mg./JOO g. this ingestion of 0*5 g. of cascinogen corresponds to an (^vtra choline 
intake of 25 y over the control grouf), an amount far too small on all present 
evidence to have* so striking an etft‘ct. It is remotely possible that the glucose 
contains a substance* which has a marked t‘ffeet in causing dc*position of glyceride 
in th(‘ liver and, if this were so, the results would be explained on that basis, 
but. this possibility S(‘erns so nunot^* that it is not profitable to discuss it further 
at the pres(*nt time*. On tliese results th(*refore the ingestion by t‘ach animal of 
an (‘xtra 0*5 g. of (*asoinog(*n daily has caused a decn‘ase in the liver glyceride 
of ll*33?o between groups 1 and 2, and 7*36% between groups 2 and 3, whilst 
an additional 1*5 g. daily has caused a decrease of 9*83 % between groups 3 and 4. 
These r(‘sults th(*refore fully confirm the finding of Chaiinon and Wilkinson 
1 1935] that the amount of the jwotein fra(*tion of the diet controls the jxjrcentage 
of glyceride in the “cholesteror’ fatty hver, and they show that a similar but 
mon* limited control is (‘xereis(Hi in tin* reverse sense on the jxu*ce*ntages of 
h'cithin and of cholest(*rol and its eatens. 

The only available figure showing the (*ffeet of dietary protein fractions in 
d(*ereasing the glycerid(‘ eont<uit of the liver is that observed in the experiment 
of Best and Huntsman [1935], who n*corded tlie first obs(*rvation of this lipo- 
troj)ie (»ffect on the liver glyceridt*. Thest* authors found that transfer of animals 
already having fatty Iiv(*rs to a diet of pure sucrose caused an inc*rc*ase in the* 
liver fat of som<* 8%. After a similar transfer to a diet consisting of 80% 
sucrose and 20% easf*inog(ui however this increase did not occur. In tlH*ir 
experiment therefore a daily intake of 2 g. of caseinogen prevented an 8% rise 
in th(‘ liver glyi*erid<», although it did not caus(* the high initial value to fall. 
The very different conditions of these experiments however prevent any 
significant com])arison of our results with those of the Toronto workers being 
mad(^ at the present time. 

It has been j)ointed out that on the percentagt* figun^s in Ta})le 11 the 
increase of the percentage of the protein fraction in the diet appears to cause 
significant and steady increases in the lecithin, cholesterol and cholesteryl (\ster 
fractions. These pt^rcentage figures, although instructive from one point of view, 
do not yield acicurate information as to the extent to which the liver is acting 
as a reservoir, because of the great increase in the size of the livers which occurs 
when they become loaded with cholesteryl eaters and glycc^ride. Thus in group 1 
the livc*T constituted 6*69 % of the final body weight, whereas in group 4 it was 
but 4*45% with intermediate figures between these values. 

For this purpose it is therefore necessary to compare the actual weights as 
opposed to the percentages of the individual constituents in the liver. Since the 
average initial weight of the animals in the groups was approximately constant, 
the amounts of each lipoid constituent in the livers of each group may be 
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Table II. Weight of lipoids in the Iwer of the 100 g. raty calculated on the 
final and initial body weights (gr.). 

Percentage of protein in diet 



Calculated on 

5 

10 

15 

30 

Lecithin 

Final body wt. 

0115 

0-124 

0-146 

0-140 


Initial ,, 

0115 

0-137 

0-173 

0-163 

Cholesterol 

Final 

0-020 

0-017 

0-018 

0-016 


Initial „ 

0020 

0-019 

0-022 

0-019 

Cholesteryl oleate 

Final „ 

0-396 

()-:{90 

0-430 

0-433 


Initial „ 

0-396 

0-432 

0-508 

0-505 

Glyceride 

Final „ 

2-178 

1-149 

0-728 

0-189 


Initial 

2-178 

1-273 

0-859 

0-220 

Totals 

Final „ 

¥709 

’ f-680 

’T322“ ” 

0-778 


Initial „ 

2-709 

1-861 

1-562 

0-907 


compared at the end of the experiment, if changes in body weight during the 
experiment he disregarded. This entails reference to the average animal. An 
alternative method is to refer all the results to the 100 g. rat and tliis is preferable 
for comparison with other results. In order to dek^rmine whether the averages 
change in body weight, which occurred during the experiment and which varied 
from 0 to 4-18% in the different groups, plays any part in the inku'pretation 
of the results, we have calculated the amounts of the different lipoids in the 
liver of the 100 g. rat when referred both to the final and initial body weights 
respectively. This latter figure will of course correspond to that of the* average 
animal at the end of the experiment as mentioned above, in whi(Ji any body 
weight change occurring during the experiment is neglected. The figures so 
obtained will not represent quite accurately the amounts of thi^ constituents 
which would have occurred in the livers if rats weighing 100 g. had been used, 
because liver size does not bear an entirely linear relationshif) to body weight. 
This factor however is sufficiently unimjiortant to be disre^garded, and in any 
case the results from the different groups may be oomjiared with (*ach other. 

A number of points emerge from Table 11. In the first piac(‘, it is clear that 
whichever method of reference be adopted, the actual weight of lecithin present 
in the liver increases as the percentage of the dietary protein fr action is inereased, 
at least up to 15%. This result is confirmed by the results of Exp. 2 (groups 
ryor-Sa, Table V), wh(*Te the inereasr* continues to the 30% protein group also 
(group Ha). Thus the absolute wcught of lecithin is increased as are the percentages 
recorded in Table I. 

On th<i other hand whilst the fri^e cholesterol is increased in all ca8(\s above 
normal, such slight differences as o(;cur between the differrmt groups are in- 
consistent and it is clear that the graded pc^rcentage^ increases recorded in Table I 
are merely the result of a dilution effect, the jjercentage falling as the liver 
increases in size, with decrease in the dietary protein percentage. This result 
also is borne out by those of Exp. 2 (Table V^). 

With regard to the cholesteryl ester fraction the figures are not conclusive. 
Whilst the lower values occur in the groups receiving less caseinogen in the diet, 
and the higher values with increase of dietary protein, there is no progressive 
change. The results in Exp. 2 (Table V) also bear this out. In two other 
experiments in which diets containing 5 % and 30 % caseinogen were used, the 
absolute amounts of cholesteryl ester per 100 g. rat were 0-245 and 0-246 g. for 
5 % protein and 0-281 and 0-308 g. for 30% protein. Yet a further experiment 
gave for 10 % and 50 % of caseinogen in the diet for 14 days 0-164 and 0*211 g. 



THE ‘‘CHOLESTEROL" FATTY LIVER 2663 

respcjctively. Thus whilst there is a general tendency for the absolute amount 
of cholesteryl ester in the liver to be increased by increase of the amount of 
dietary protein consumed, no significance can at present be assigned to this 
finding. Thus, as in the case of the free cholesterol, the effect of lowered dietary 
protein in decreasing the percentage (Table 1) may be a dilution (iffect only. 

Lastly, Table IJ shows that virtually the whole of the difference between 
the amounts of total lipoids in the livers of the four groups depends on differences 
in the glyceride contents. The glyceride of group 1, 2-17S g., is some 60 times 
that of a normal liver; with increasing protein this decreases until with 30% of 
easeinog(m in th(^ diet it is only 5 times that of the normal. We have no figures 
for the total reserve fat of animals on these particular diets, or any proof of the 
source of the liver glycerid<i. If it be assumed however that the liver glyceride 
has bf^en deriv(‘d from the fat depots and that the total depot fat of a 100 g. 
rat is 12 g., it is se(»n that the 5 % protenn diet has caused the appearance in the 
liver of about on(*-sixth of the total reserve fat. 

As regards the quantitative aspect of the casein ogen effect. Table II shows 
that when referred to grouf) I the ingestion of an extra 0*5, 1 -0 and 2-5 g. of 
(‘Hseinogen in groups 2, 3 and 4 has prevented the appearance in the liver of 
1*020, 1*450 and 1*989 g. of glyceride resj)eetively. The prev>'entive effect of 
iiK‘re*asing the dietary protein fraction is thus the more strikingly shown at the 
low<‘r Iev(‘ls. 

Orif* further ]X)ini worthy of notice is that, whether the results for the 
different^ constituents bt* compared on th(^ basis of the initial or final body 
wt‘ights, the general tn^nd of each series of figures remains the same, even though 
the figure's individually are somewhat changed. 

Further work is now' in progress in order to equate the lipotropic action of 
th(* protein fraction of the diet with that of choline ; whether this action is due 
to an integral part of the (^aseinogen molecule or to a contaminant is at present 
unknown [Best and (Shannon, 1935]. 

Tlii'se results show therefore that the intake of dietary protein fractious 
gov(*rns the amount of glyet^ide in the “cholesterol ’ fatty liver. This glyceride 
control, first demonstrated by Best and Huntsman [1935] in a transfer experi- 
mt‘nt on animals already having “fat’' fatty liv(‘rs, has thus now been extended 
to normal animals receiving diets w'hich cause both “fat” and “cholestfTol” 
fatt>' livers |(U)annon and Wilkinson, 1935]. The rt'sults show further that dietary 
prott'in also (!ontrols the absolute amount of liver lecithin and possibly that of 
eholesteryl esters, while they provide the means wlu'reby “cholesteror’ fatty 
livers of different tyf)es may be readily produced. 

Wi' have therefore used this finding for further .study of the action of choline 
in preventing the “cholesterfil” fatty liver. The one recorded experiment in 
which the preventive action of choline on the individual liver lipoids was studied 
was that of Best, Channon and Kidout [1934]. Tlu'se authors found that 230 mg. 
of choline per rat per day entirely prevented t he deposition of glyceride in the 
livers of animals receiving a diet containing 20 % of fat and 2 % of cholesterol. 
From the fact that this choline administration prevented not more than 60 % 
of the cholesteryl ester deposition, it was concluded that the primary effect of 
choline was on the glyceride fraction. 

The method of experiment has been essentially the same as was used in 
Exp. 1, save that in addition to groups of animals receiving 5, 10, 15 and 30% 
of caseinogen, further groups have received similar diets with the addition of 
choline chloride (1 %). On the food intakes, which were measured daily, the 
amount of choline ingested per rat per day varied from 80 to 74 mg. in groups 
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56—86 respectively, whilst the corresponding control groups (5a-8a) received 
approximately 2 mg. daily in the basal diet. 

The percentage composition of the liver lipoids of the two series of groups 
of animals are set out in Table III. If the effect of the dietary protein fraction 
be first considered (control groups 5aSa) it is seen that the various liver lipoid 


Table III. Percentages of lipoids present in the livers of rats receiving diets containing 
20^ I o fat i cholesterol, with varying protein percentages with and without 

added choline. 


Group no. 

5 a 

5b 

6a 

6b 

7a 

7b 

8a 

8b 


Control 


Control 


Control 


Control 



+ 


i- 


4 


+ 


(V>nt rol 

clioline 

Control 

choline 

(Control 

choline 

Control 

chohne 

Protein content of tUot, 

5 

5 

10 

10 

15 

15 

30 

30 

No. of animals in group 

1C 

10 

](» 

10 

10 

10 

10 

10 

Average wt. change, 

^ 1-2 

~ 1-2 

1 6-0 

n 3-0 

+ 7-0 

+ 3-1 

-r 4 -1 

+ M 

% initial body wt. 

Choline intake, in.tr. 

2-0 

80 

1-9 

77 

1-8 

77 

1-7 

74 

Liver aa of final body wt. 


3-70 

4-82 

3-86 

4-02 

3-83 

4-17 

3-99 

Lecithin, 

1-88 

2-9.*) 

2-82 

3-04 

3-46 

3 62 

3-76 

3-71 

Cholesterol, 

Cholesteryl rdeate, 

(1-304 

0-2.39 

0-296 

0-338 

0-338 

0-374 

0-403 

0-387 

5-16 

3-42 

7-15 

4-66 

7-43 

4.57 

7-72 

6-45 

Glyceride, 

24 78 

0 98 

16-17 

3-40 

_6-n_ 

2 2(i 

2*92 

2-71 

Total, % 

32 12 

7-59 

26-44 

11-44 

17-34 

J()-82 

14-80 

13-26 


percentages bear out tlie findings of Exp. 1 in f‘vcry respi^jt and they need 
therefore no further discussion. The only further point worthy of notice in this 
connection is that whereas in Exp. 1 the total lipoid pt'rct'ntages in the groups 1-4 
(5-30% caseinogen) varied from 40*(>4 to 17-40%, in the present expt'riment 
they range from 32-12 to 14-80%. Two other experiments carried out under 
identical conditions with 5 and 30% of caseinogen gav(‘ 31*02-10*44% and 
38*54-16*41 % respectively. The difference in the r(\sults from series of groii])s 
of animals which have received the same diet for th(‘ same period but at different 
times has no explanation at present. Some possible reasons for this phenomenon, 
which frequently occurs, have been disimssed by Bi^st and ('hantion [1935]. 

Further ^discussion of the figures in Table 111 will be confined then^fore to 
mention of the preventive effect of choline on the different li]>oid percentages, 
because the action of this substance on liv^er ’ fat’' has betm usually discussed 
on this basis. The addition of choline has significantly increased th(' percentage 
of lecithin in all the groups where the glyceride percentage was high (cf. oh-lb 
with 5a-7a}, It has had little effect on the percentages of free cholesterol, but 
has caused a marked and regular decrease in thosf* of the cholestcryl ester 
fractions of all the groups. Its chief effect howeviT is on th(^ glyceride fractions 
where the striking preventive action of the 80-74 mg. given }x>r rat per day is 
shown in all the groups. Thus in group 56 the glyceride is at the normal level, 
whereas the control group, 5a, contains 24-78% glyceride. Similarly group 66 
contains 3-4% as compared with the 16*17 % of its control. Oa. The percentage 
of glyceride in groups 66-86 varies from 3-40 to 2-7 %, figures which are about 
2 % above normal. It apjxars therefore that the deposition of cholesteryl esters 
causes the accumulation of some 2% glyceride in spite of the presence of a 
considerable amount (1 %) of choline in the diet. 

The figures in Table IV, in which the absolute weights of the liver con- 
stituents are calculated on the basis of the 100 g. rat on the final lx)dy weight, 
do not differ significantly from those calculated on the average animal (initial 
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Table IV. Weight (g.) of individual lipoids present in the liver of the 


Group no. 

Protein content of diet, 
Choline intake, mg. 

I..ecithin, % 
Cholesterol, 

CholesU'ryl oleato, 
Glyceride, % 

Total, % 


JOOg, rat. (calc.). 



6?> 

6a 

Oft 

la 

7ft 

8a 

8ft 

5 

5 

10 

10 

15 

15 

30 

30 

2 

80 

1*9 

77 

1*8 

77 

1*7 

74 

OlOl 

01 09 

0-130 

0117 

0*139 

0-139 

0*157 

0-148 

001 S 

0-009 

0014 

0*013 

0*014 

0-014 

0*017 

0*015 

0*270 

0127 

0-345 

0*180 

0*299 

0-175 

0*322 

0*257 

I -327 

0-030 

0 779 

0*131 

0*240 

0*087 

0*122 

0*108 

1-720 

0-281 

i-274 

0*441 

0*098 

0*515 

0-618 

0-528 


body weight) and the latter are therefore not recorded. The findings of the effect 
of increasing the dietary protein fraction discussed und(‘r Exp. 1 appear con- 
firmed, and the eff<H*t of choline may now he (jonsidered in r(‘lation to the latter. 

It is of interest to discuss whether any conclusion may be drawn from the 
figun's in Talfie I V, as to whether lecithin is functionally active^ in controlling tlie 


Tabl(‘ V. Degree of prevention of qly a ride rnid cholefitergl infer deposition 

(g. liver of JOOg, rat). 


Group 

Fatty acid 

('holosteryl oleatt* 

5 a -5 ft 

1-291 

0149 

6 0-6 ft 

0*048 

0-105 

7a-7ft 

0*159 

0*124 

8a 8ft 

0*014 

0-065 


di^gree of fat infiltration and whether choline exercises its eft‘(>ct through this 
substance. Th(^ first point for observation is that th(» addition of choline has not 
caust‘d any jncr(‘as(* in th(‘ amount of lecithin in any of the four groups, even 
though in groups oh atui (>6 it has caused a profound decrease in the total lipoid 
cf)nst itiiemts. 'ITiis might be used as an argument that tlie choline effcict is not 
exendsed through lecithin, an argument which (consideration of tht‘ lecithin 
figur(‘s in the control groups of animals might ai)pear to confirm. In tlu^se the 
amount of lecithin actually incre^ases with increasing (*aseinog€Ui intake, although 
th(‘ total lipoids of tin* liver are also rapidly falling (r/. oa and fia). Both these 
lint's of argumc'tit are however ()iH'n to possible obj(‘ctions; thus although choline 
has (caused no increase in the amount of liver lecithin, it might yet be exercising 
its effect by enabling lecithin synthesis to occur, the newly s\mth(^sised h^cithin 
being uschI for the transfK)i*t of fatty acids to the tissues and being metabolised 
in the process, whilst the fact that there is an increase in lecithin with increasing 
dietary protein might be connected with an entirely different phenomenon, 
possibly the phosphorus content of the caseinogen. However on their face value 
these results suggest that the lipotropic effect of the dietary protein fraction is 
to be differentiattKi from tliat of choline, in the sense that whilst it prevents 
fatty livers and causes an increase in the amount of lecithin, choline prevents 
fatty livers but does not cause such an increase. We feel it wise to regard these 
results as iK'ing no more than suggestive. 

The degree of prevention caused by the provision of choline can be more 
readily studied from the figures in Table V. 

These figures show in relation to those in Table IV that in the four expt'ri- 
ments choline has prevented the apjiearance of 97, 83, 65 and 11% of the 
glyceride which appeared in its absence, and that of 54, 48, 41 and 20% re- 
spectively of the cholesteryl ester. It is not possible from, siich figures definiteh" 
to decide whether choline is exercising a direct preventive effect on the cholesteryl 
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ester fraction. If its effect on the latter were dependent on a primary action in 
preventing glyceride infiltration, then it would have been anticipated that the 
figures in the two columns would have run parallel. Such however is not the 
case. This might suggest therefore that the action of choline in preventing 
cholesteryl ester deposition was independent of glyceride. In this connection 
it is to be observed that in groups 7 a and 8a the amount of glyceride which 
appeared in the liver in the absence of added choline was relatively quite small 
compared with those of 5a and 6a. Since the amounts of choline were approxi- 
mately constant for all the groups, it would have been expected, were there a 
direct action on the cholesteryl ester fraction, that there would have been a 
considerably increased degree of cholesteryl ester prevention in groups 7 a and 8a, 
for in these two groups the choline was almost entirely free to act in this direction. 
The figures however do not bear this out. We feel therefore that no conclusion 
can be drawn as to whether there is a direct effect of choline on the cholesteryl 
ester fraction. It will be remembered that Best and Ridoiit [1935] observed 
that there was a process for the removal of cholestt'ryl esters from the liver in 
the absence of dietary choline, but that the rat(^ of removal was increased after 
some 18 days by choline administration. 

Another point w^hieh needs mention is that in these experiments the lipotropic 
effect of protein is confined to the glyceride fraction only, whereas that of 
choline affects the cholest€'ryl ester fraction also. Tliis might appear at first 
sight to differentiate the protein fraction effect from that of cholim* in the way 
that the lecithin figures have indic^ated. Prof. Best has kindly pointed out to us 
however that, if 1 g. of protein had a lipotropic action equivalent to 3 mg. ()f 
choline, as suggested by Best, Huntsman and Bidout [J935J, then this lack of 
effect of the dietary protein frac^tion on cholesteryl est(»rs would not indicate a 
qualitative difference in the lipotropic action, because, say, 9 mg. of choline 
would have presumably little effect, if any, on the cholesteryl est<'r fraction. 

It must be clearly realised that the amounts of cholim; used do not rt‘present 
the minimum necessarj^ to give a preventive effect. The object of the experiments 
was to choose a daily choline intake which would lie between the 230 mg. found 
to be completely preventive as regards the glycx^ride fraction by B(\st, Channon 
and Ridout [1934J, and that which would have a very definite, although not 
completely prc»ventive effect. 

Summary. 

The effect of quantitative variations in the protein fraction of the diet on the 
amount and composition of the lipoids of the livers of rats receiving a diet of 
low choline content and containing 20 % of fat and 2 % of' cholest/crol has l>een 
studied in two series of experiments. Profound changes are caused in the 
amounts of the different lipoids in the resulting "cholestcror’ fatty livers by 
such variation. The I'esults are discussed on both a j>ercentage basis and on 
that of the absolute weights. In confirmation of the rc^sults of Channon and 
Wilkinson, they show that in the ‘‘cholesteror* fatty liver the dietary pro- 
tein fraction exercises a profound lipotropic effect. By the use of graded protein 
percentages in the diet it is thus fKJSsible to produce '‘cholesterol'* fatty livers 
of widely varying composition and these findings have been used in further 
experimtuits for studying the preventive effects of choline. These experiments 
have shown that the addition of approximately 80 mg. of choline per rat per 
day very largely prevents the deposition of glyceride, but only partially prevents 
that of cholesteryl esters. No deductions could be made from the experiments 
as to wheth(^r choline is exerting its effect through lecithin synthesisi or whether 
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choline has a direct action in preventing cholesteryl ester deposition. The 
lipotropic effect of the protein fraction differs superficially at least from that of 
choline, in that the absolute amount of liver phosphatide is increased. 

We wish to express our thanks to the Medical Research (Council for a grant 
from which the expenses of this research have been defrayed. 

Our thanks are also due to Dr J. V. Loach for biological assay of the choline 
content of the various dietary constituents. 
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A POLYSACCHAKiDE uiiiqiio ill its constitution has been prepared by the action 
of Penicillium varians [Smith, 1933] on glucose in Czapek-Dox medium. The 
mould belongwS to the group BiveTticillata*symmetri(^a and the polysa<‘charido, 
which has the (*mpirical formula {CgHj^O^)^, , is a wliite amorphous powder neutral 
in aqueous solution and having [aji)4-lo ^ It reduces Fehling\s solution slightly 
and gives no colour with iodine ; it is almost unaflecUd by dig(\stion at 100"’ with 
A/100 HCl but is hydrolysed readily with A/lOHCl at 100 and the scission 
products contain d-galactost' to the extent of ajiyiroximately 70 % » The remain- 
ing portion consists of glucose (14%) and also an unidentified hexose (14%) 
which appears to be cither d-idos<' or /-altrose. It is thus significant that although 
the only available sourer of carbon in the original nutrient solution was glucose 
this has been converted, by the subsequent metabolism involved in the synthesis 
of the polysaccharide?, very largely into galactose and into tntlu?r rf-idosc or 
Z-altrose. 

Inasmtich as the polysaccharide was })repared by the agency of P. varians 
it has been given the name varianose. V^arianose is readily aeetylated by the 
usual methods and the completely acetylatod polysa(H*haricle showed |a] ^r"f 30® 
in chloroform and +38-2® in acetone; the acetate yielded unchanged varianose 
on deacetylation. Completely methylated varianose was prepand by the action 
of methyl sulphate and potassium hydroxide on varianose acetate or on the 
unsubstituted polysaccharide; it was a cream- white* powder, soluble in water, 
chloroform or benzene and showed in these solvents resp(?ctively, 15®, 

4-20®, 4-23®. The determination of the structure and chain length of methylated 
varianose was carried out by the method of Haworth and Machemer [1932]. 
Methylated varianose was hydrolysed with methyl alcoholic hydrogen chloride ; 
the resulting hexosides were separated first by tin* use of solvents and finally 
by careful fractional distillation, yielding 14% of 2:3:4:(btetramcthyl-methyi- 
glucopyranoside which corresponds to a chain of 8 hexose members of a mole- 
cular weight of about 13(X) for varianose (see formula 1). The remaining 
hydrolytic products consisted mainly of trimethyl-mothylgalactoside which 
yielded on hydrolysis a liquid 2 : 3 : 0-trimethylgalactos(% characterised by its 
oxidation with bromine water to the crystalline 2:3:6-trimethylgalactofurano- 
lactone of Haworth ei al>. [1932]. This yielded on treatment with ammonia a 

^ Beit Memorial liosearch PeUow. 
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crystalline amide which served further to identify the free sugar. The positions 
of the three methyl groups were determined by oxidation of the crystalline lac- 
tone with nitric acid. The product contained no trace of a mucic acid derivative. 
From this it is inferred that position 6 in the sugar chain was protected by a 
methyl group inasmuch as it has been our experience that when the terminal 
primary alcohol group is unprotected a mucic acid derivative is readily obtained. 
The crystalline product isolated from this oxidation consisted of o^-dimethoxy- 
succinamide and its isolation indicates that positions 2 and 3 in the trimethyl- 
lactone are occupied by methyl residues. Inasmuch as the trirnethyl- lactone 
behaved in respect of its rate of hydrolysis exactly as a y-lactone we also infer 
that position 4 was not occupied by a methyl group. Moreover, the trimethyl- 
sugar showed in its chemical Ixliaviour the capacity to pass either into a 
furanosidt' or pyranoside form on glycoside formation. The ju’operties therefore 
of the isolated trimethylgalactose are in full agreement with our n^cognition 
of it as 2 :3:(i- trimethylgalactose Conij»lete raethylation of the trimethyl- 
galactos(* yic^lded a galactoside which, on hydrolysis, gave tetrarnethylgalacto- 
pyraiiose [Haworth et aL, 1024, 1027; Pryde, 1023], 


on.c:}i. 


oH.cn., 


OH 



(I) 


rf-(ilu('Ohf unit 


V 


IVlramolbvlfshit’o- 

}»yranns<’ 


fMralarlose units 


2:.‘bt>-Trun<*tliN 1- 
palarto-c 


or 

/-\ltTos<* unit 


>4 


A litjuHl Iri- 

lurtliN 


It is evident that a 2:3:(>-trimethylgalactose might occur as a scission product 
of a polysaccharide consisting of hexo-furanose or -p^>Tanos(' units. At x)resent 
the behaviour of variaiiose towards xV/100 and N j 10 HCl respectively inclines us 
to the view that the pyranose. form only is present in this polysaccharide. We 
are supported in this view by the circumstance that we have pn^pared by means 
of P. Charlesii (1, Smith another jolysaccharide [Haworth, Raistrick and Stacey, 
unpublished] which indubitably contains only galactofuranose units and its 
properties contrast significantly with those of varianose. 

From methylat<‘d varianose we were also able to isolate about 14% of an- 
otlier trimethyl-methylhexoside which probably represents the hexose residue 
terminating the polysaccharide chain at the end remote from that occupied by 
glucose. This portion yielded a liquid trimethylhexosc' and also a liquid trimethyl- 
hexonolactone, but the latter gave easily and quantitatively a crystalline 
phenylhydrazide not identical with the phenylhydrazide of any known trimethyl- 
hexonolaotone. Moreover, the lactone itself was laevorotatory and gave a liigh 
laevorotatory value in equilibrium with the corre8i)onding acid in water. Its 
oxidation with nitric acid yielded no mucic acid derivative and no product 
showing its relationship with galactose. Treatment of the ester of this oxidation 
product with ammonia yielded, however, d-dimethoxysuccinamide, a result 
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showing the orientation of methyl groups in positions 2 and 3 of the corresponding 
trimethylhexose. It therefore appears that the hexose representing the reducing 
end of the polysaccharide chain is either d^-idose or Z-altrose. The low value of 
the specific rotation suggests that varianose is composed largely of j3-hexose units. 


Expebimkntal. 

Preparation of the polysax'charide (with Dr C. G. Anderson). The mould used 
for the production of the polysaccharide was a new species belonging to the 
group Biverticillata-symmetrica, It was isolated from cotton in 1927 by 
Mr G. Smith and named by him Pemcillium varians. It bears the L.S.H.T.M. 
Catalogue number A. 91. A culture has been deposited with the Oentraal bureau 
voor Schimmelcultures, Baarn, Holland. 

The mould was grown on a standard (>zapok-Dox medium containing glucose 
as the sole source of carbon and of the foDowing composition : glucose, 1750 g, ; 
NaN03, 70 g.; KH^PO^, 35 g.; KCl, 17-5g.: MgS04,7H20, 17-5 g.; FeS04, 
7 H 2 O, 0*35 g. ; distilled water, 35 litres. 

70 litres of this medium were prc^pared and placed in 350 ml. quantities in 
200 conical flasks of 1 litre capacity. Sterilisation was effected by st<»aming on 
each of three successive days and when cold <*ach flask was soavti with 2 ml. of 
a spore suspension prepared from 50 (V.apek-l)ox agar slopes of P. varians. 

The flasks were incubated at 24' and the course of metabolism of the glucose 
was followed by the polarimeter and by the Shaffer-Hartmaim iodine titration 
method with the following results : 


Period of incuba- 
tion at 24 
weeks 


of i^lucost* in solution/ IOC) ml. 
Polariirieter SI la tier- Hartmann 


8 l-OU 

11 0-52 

]li 0-78 


l-.i? 
U-48 
0-7 J 


of jiolysaccharide 
(crude) 

0*52 ( 1 flask) 
teilo (1 flask) 

2*4»i (.7 basks) 


After 12 weeks, the somewhat mu(;ilaginous solution was filtered from the 
mycelium and concentrated in vacuo at 45-50' to 1000 ml. of a dark red syrup. 
160 ml. of cone. HOI were added to this syrup and the polysticcharide was then 
immediately precipitated as a creamy pcjwder by the addition of 6 litres of 95% 
alcohol. After an hour the clear liquid was decanted off. A little more product 
separatt^d from the motlier- liquor overnight. The product was isolated by centri- 
fuging and dissolved in 1 litre of distilled water. It was precipitated as a sticky 
mass from this solution* by the addition of 5 litres of 95 % alcohol. Further 
purification was effected by repeated precipitations from both acid and neutral 
aqueous solutions by means of alcohol, until an almost ash-free comiX)und was 
obtained. Trituration of the sticky mass with absolute alcohol gave the poly- 
saccharide as a white powder which was washed with ether and dried over con- 
centrated sulphuric acid in a vacaium dcsiecjator; yield, 104 g. Precipitation of 
the polysaccharide from aqueous solution by ethyl alcoliol at different concAuitra- 
tions of alcohol gave a series of fractions which showed no differences in rotation 
or other properties among themselves or from the original material, and the 
polysaccharicle thus apY)eared to be homogeneous. It showed 
(c, 0*894 in water). (Found (moisture, 7*33%; ash, 2*0 %): 0, 44*9; H, 6*6%. 
(CoHioOa)^ requires 0, 44*4; H, 6*2 %.) 

In a second experiment 100 flasks each containing 350 ml. of Ci&apek-Dox 
medium and incubated in this case at 28" for 7 weeks gave 105 g. of varianose, 
W/? +15*0" (c, 0*85 in water). The aqueous-alcoholic mother- liquors remaining 
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after the initial precipitation of the varianose from the evaporated metabolism 
solution gave, on evaporation, 65 g. of d-mannitoL 

The polysaccharide was a white amori)hous powder moderately soluble in 
water giving a clear solution which frothed considerably on shaking. In the 
presence of alcohol it tended to form gummy products. It reduced Fehling’s 
solution slightly on boiling and its aqueous solution was neutral to litmus. It 
gave no colour with iodine. 

Hydrolysis with l^jlO HCl was carried out at lOO \ The initial rotation of 
-f 16‘^ changed to in 3 hours. Initial rotation 4-15-0'^', +22-0'' (5 min.), 

-f48-3" (20 mm.), +75-7" (50 min.), 4-81-9" (80 min.), +89-4^ (120 min.), 4-90° 

( 1 80 min . , equilibrium value) . Equ i librium rotation calculated as hexose [a] ^^4-81°. 

Examination of the, hydrolysis products. The polysaccharide (I g.) was heated 
for 3 hours at 100° with 30 ml. of A"/i0 HOI. The acid was neutralised with 
barium carbonate, the solution filtered and evaporated to dryness under nnluced 
pressure at 25°. The syrupy residue was extracted rcpeattdly with 95 % alcohol 
which, on removal by distillation, left a viscid pale brown syrup (0*85 g.). This 
syrup rediK^ed Ftdding’s solution v(‘ry strongly. 

Formatum of galactosazone from the above syrup. The syrup (0*35 g.) was dis- 
solved in water (2 ml.) and heated on t}u‘ boiling water-bath for 15 min. with 
{)henvlhydrazmo acetate (0-55 g.); the osazone which separat€*d (0*5 g.) after 
nKjrystallisation from water and pyridine had m.p. J 95 unchanged on admixture 
with authentic gala(‘toKazonc. 

Formation of marie acid. Hie H>Tupy hydrolysis ]:)roduct (0*3 g.) was heated 
with nitric acid ( 1 -2 ml., sp. gr. 1 -2) for 6 min. On dilution w'itli water and standing, 
a wdiitc crystalline substance (0-28 g.) separated. This was filtered off, washed 
with water and dried in vacuo over calcium chloride. It had M.r. 214" (with 
decom})osition) alone or in admixture with an authentic specimen of mucic acid. 
A sample was also }>r(qmrc*d directly from the polysac'charidc^. 

Preparation of rrystnlline galactose from the polysaccharide. The |X)lysaceharide 
(2 g.) was hydrolysed by h(‘ating it for 30 min. with N HCl (100 ml.). The acid 
was neutralised in the cold w^ith silver ear!)onate and the solution, filtered from 
the silver salts, w^as sk)wiy evaporattd at 15° leaving a (iolourless syrup which 
crystallised on nucleation with f/-galactose. It was recrystallised from absolute 
alcohol. Yield, 1-4 g. (70%), |al}T + J40° - 4-82° (c, M), equilibrium value. 
A residual syrup (0*5 g.) did not crystallise. 

Preparation of variatume acetate. V^arianose (1*3 g.) was disaolv^ed in a small 
amount of hot wat<»r (1*5 ml.) and pyridine (25 ml.) w as added. The solution was 
cooled in an ice- bath and acetic anhydride (25 ml.) w^as dropped in slowly with 
(constant stirring, care being taken to prevent any considerabh* rise in tcmipera- 
ture. After several days at 15" the reaction mixture w as junired into warm water 
(300 ml.) which was vigorously stirred. The ac^etate w^as precipitated as a white 
flocculent powder. It was filtered and freed from exe(\ss pyiidiue and acetic acid 
by continuous washing with w^arra water for 6 hours. It was further purified and 
freed from traces of ash by dissolving it in hot methyl al<?ohoI and filtering through 
muslin on a hot- jacketed funnel. It was re precipitated from the alcoholic solution 
on cooling, filtered, washed with ether and dried in the vacuum oven over calcium 
chloride at 50°; yield, 2*2 g. (quantitative). It did not reduce Fehling's solution. 

Varianose acetate was a finely divided wliite powder which had yi.v. 148-155°. 
It dissolv€Kl readily in chloroform, acetone and hot alcohol, but these solutions 
could only be filtered through muslin, [aj jf in chloroform, 4-30*0'^ (c, 0*95); 
[air acetone, 4-38*2° (c, 0*68). (Found: C, 50*3; H, 5*6; OAc, 43*8%. 
[C«H 702 ( 0 C 0 CH 3 ) 3 L. requires C, 50*0; H, 5*6; OAc, 44*8%.) Deacctylation of 
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the acetate with N NaOH gave the original ash-free polysaccharide unchanged 
in properties, [a]/), (c, 0*96). 

Attempted fractionation of varianose acetate. 30 g. of the acetate were made 
and purified in the manner described. Fractional precipitation was attempted 
from hot methyl alcohol, from mixtures of chloroform and alcohol, and from 
chloroform and light petroleum. Acetyl values and rotations were determined for 
each fraction but in no case could a fraction be obtained which differed in pro- 
perties from the original acetak".. It was concluded that the polysaccharide was 
homogeneous. 

Methylaticm of the polysaccharide. The polysaccharide (6 g.) was dissolved in 
water (20 ml.) and 100 g. of KOH in 100 ml. of water added. It was methylated 
by the gradual addition of methyl sulphate (95 ml.) at 15® over a period of 5 hours. 
Acetone (100 ml.) was added after 1 hour. The liquid was boiled for 30 min. and 
poured into 1000 ml. of hot water. The methylated product formed a light brown 
gum on the surface of the hot water from which it was collected. Its solution in 
chloroform was washed witli water, drkd over anhydrous magnesium sulphate 
and evaporated. The pale yellow viscid syrup which remained was triturated 
with light petroleum (40-60®) yielding the methylated compound as a fine 
cream-coloured powder; yield, 7*5 g.; OMe, 36*2%. 

One further treatment of this partially methylated product with KOH and 
methyl sulphate gave a fully methylated derivative (yield, 7*5 g. OMe, 45-9%) . 
It was a white ash-free powder, insoluble in hot w^ater but very soluble in cold 
water, acetone and chloroform. It was non-reducing and had m.p. 90-100®; 
la]}f +20® (c, MO in chloroform); + 23® (c, 0-95 in benzene); 15® (c, 

1*08 in water). (Found: 0, 53*2; H, SO; OMe, 45*9%. (Moisture content 
1*08%.) (CgHieOfi)^ requires C, 52*9; H, 7*8; OMe, 45*6%.) 

Hydrolysis with boiling 3^/^ methyl alcoholic HCl. [a];) + 17*1® (initial value) ; 
+ 10*5® (0*25 hours) ; — 8*6® (0*75 hours) ; — 13*6® (1*75 hours, equilibrium value), 
(c, 1*05.) 

Hydrolysis of methylated varianose . 

30*5 g, of methylated varianose were hydrolysed by boiling gently for 5 hours 
with 700 ml. of boiling 3% methyl alcoholic UCl. No discoloration took place and 
no furfuraldehyde derivatives could be detected. The acid was neutralised with 
silver oxide at 15®. After filtration the solution was evaporated at 3571^ mm. to 
a syrup which was dissolved in dry ether to remove traot^s of silver salt. Evajx^ra- 
tion gave a colourless mobile syrup, A portion of this syrup b.f. 120-122®/ 
0*04 mm. had the following properties: njf, 1*4514; (a]}f —31*8® (c, 0*96 in 
water). (Found: C, 50*5; H, 8*5; OMe, 53*6%. CjoHaoOg requires C, 50*8; 
H, 8*5; OMe, 52*5%.) 

Hydrolysis of the mixtwre of methylated hexosides. After a trial hydrolysis with 
2% HCl solution at 100® the following values were obtained (c, 0*781) [a]/; 
-32*5® (initial value); -2*0® (7 min.); +22*0® (20 min.); +44*0® (50 min.); 
+ 49*2® (80 min.); +53*0® (120 min., equilibrium value). Equilibrium value 
calculated as trimethylhexose, +56®. No furfuraldehyde derivatives were 
detected <luring hydrolysis and no discoloration took place. 

Fractionation of the mixture of methylated hexoses. The mixture of methylated 
hexosides was hydrolysed by heating it (30 g.) in 300 ml, of 2 % HCl at 100® for 
5 hours. The HCl was neutralised with barium carbonate, charcoal was added 
and the solution filtered, the precipitate being well washed with warm water. 
The aqueous solution (400 ml.) was extracted 10 times with chloroform. The 
chloroform solution was dried over anhydrous magnesium sulphate, filtered and 
evaporated. A wlourless fairly viscid syrup Fraction A remained (8*1 g.). 
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The aqueous solution was evaxxjrated to dr3mess and the solid extracted 
10 times with boiling chloroform. This chloroform solution was dried over 
magnesium sulphate, filtered and the solvent distilled off, A colourless viscid 
syrup Fraction B remained (21 g.). 

Fractionation of Fraction A by means of solvents. Fraction A was dissolved 
in chloroform to give a thick syrup, and 200 ml. of light petroleum (40-60'") were 
added to this and the mixture stirred vigorously. The pidroleum layer was 
decanted after standing and this treatment was repeated several times. Removal 
of the jxdroloum by distillation gav^e a highly mobiles syrup : > ield, 4*5 g. 
Removal of the chloroform by distillation gave a fairly mobile s3nL'up A2 (yield, 
3*5 g.). 

Fractio'rud distillation. Each fra(‘tion was now treated separately and con- 
verted back into the glycoside stage by the action of boiling methyl alcoholic 
HC1(2%). 

Distillation of Ai. The highly mobile syrup (4*5 g.) was distill(3d in high 
vacuum from a CUaisen flask with a wide side limb, the first fracjtion F^ being 
colk‘cte(l in a WidmiT fiask which was used as a receiver and from whicli it could 
be redistilled. In this and succeeding distillations the syrup was distilled very 
slowly in order to secur<‘ the Ix^st ]K>ssiblc‘ fractionation. In no cas(^ was there any 
decoin |X)sition and no furfuraldehyde derivatives could be debx'ted. The following 
fractions were olffained : 

at B.p. 00 /() 04 rum, (3*5 g. of a colourless highly mobile liquid). 

F2 at bath temperature 140-143 /0*04 mm. (1*0 g. of a colourless mobile 
syrup). 

Fj (3*5 g.) was now distilled from t he Widiner flask fitted with a fractionating 
column and the following fractions were obtained: 

at bath temperature 120-123^, b.f. 9070*06 mm., 1*4455, 3*2 g. 

F3.2 at bath temperature 140"145^'/0*06 mm., 1*4519, 0*2 g. 

Fj 1 , as shown below, was tc‘tramethyl-a)3-methylglucopyranoside. (Found : 
OMe, 60*0%. Calc. 62*0%.) 

A |K)rtion of it (2 g.) was hydrolysed with boiling 4% aqueous llCl in the 
usual manner. Tlu* product was a crystalline solid (1*9 g.) which on recrystallisa- 
tion from light |K*troleuin (B.r, 40-ffb'') gave, almost quantitatively, long needles 
of tedramethylglucopyranose ; m.p. alone or in admixture with an authentic 
specimen 88^"; [a])! +84'" (r, 1*1 in water) (equilibrium value). It was further 
identified by formation of its crystalline anilide by the usual method. 

Ftfrther fractionation of the residues. Fractions Ag, Fj.g and Fg were mixed 
(4*7 g.) and distillixi as before giving: 

F3 at bath temperature 120-130 /0’06 mm. (A colourless very mobile 
liquid, 1*5 g.) 

F4 at bath temperature 140-1 50'"/0*06 mm. (A colourless mobile syrup, 
3*0g., riif 1*4559. 

F3 (1*5 g.) was fractionated by means of the Widmer flask and column and 
the first fraction at bath temperature 120-125'" had b.p. 90-92 "/0 06 mm. and 

1*4488; yield, 0*95 g. (Fg.j). (Found: OMe, 56*5%.) 

The calculated amount of tetramethyl-methylglucopyranoside contained in 
Fg.j was 0*61 g. and the total yield of the latter from 30 g. of methylated hexosides 
was 3*81 g. The experimental loss from hydrolysis and fractionation as shown by 
Haworth and Machemer [1932] is not greater than 10 % of the weight of tetra- 
methylgluoose. Hence the total estimated yield of tetraniethylglucose was 14 % 

17(»— 2 
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by weight of the methylated varianose {this gives a chain length of about 8 units) 
No tetramethylgalactose could be detected. 

Examinaiim of the triweihyl portions, (a) Chloroform-soluble. The residues 
from the distillations of and Fg.j (0-8 g.) and the fraction F4 (3 g.) were mixed 
and distilled (3*8 g.) at bath temperature 140~143®/0*06 mm. ; yield, 3*4 g., 
nf 1*4550 (F4). (Found: C, 50*8; H, 8*6; OMe, 50*2%. CjoH^oO^ requires 
C, 50*8; H, 8*5; OMe, 52*5%. Tliis shows it to be pure trirnethyl- methyl- 
hexoside.) The residue (0*4 g.) had OMe, 40*7 %, wjf 1*4615, and probably con- 
sisted chiefly of dimethyl-niethylhexoside. 

(6) Examination of yxiter-soluble Fraction B. Treatment of a chloroform solu- 
tion of Fraction B with liglit petroleum in the manner prcjviously described and 
subsequent conversion into the glycosides followed by distillation failed to give 
a low- boiling fraction and hence it contained no tetramethylglycosidic fraction. 
21 g. were distilled from a Claisen flask giving 20 g. of a product having b.p. 
135-14070*05 mm. and 1*4550. (Found; C, 50*6; H, 8*6; OMe, 50*2%. 
CioHgoOg requires 0, 50*8; H, 8-5; OMe, 52*5%.) (The residue (1 g.) had OMe, 
40*0% and proba})ly consisted mainly of dimethyl -methylglycoside.) 

Hydrolysis of trimethyl-mHhylgalactoside. The syrup was hydrolysed with 
2% aqueous HCl at lOO' : 0*^ (initial value), -fl4° (5 min.), +46*8'' 

(14 min.), +60*0 ' (35 min.), +70*4'' (60 min., equilibrium value). Equilibrium 
value calculated as trimethylgalactose is +75"'. 

Trimethyl-methylgalaetoside (H g.) was hydrolysed by heating with 500 ml. 
of 2 % aqueous HCl at 100'' for 2 hours. The acid was neutralised by the addition 
of silver carbonate in the cold. The solution was filtered and con(*(»ntrated at 30 ' 
to a syrup. This was extracted with ether and th(‘ ethereal solution dried ovi r 
anhydrous magnesium sulphate and filtered. Removal of the etht'r left a colour- 
less viscid syrup: (a]'fr + 75"' (c, 0*86 in water), |a]f/ + 3G' (c, 0*87 in methyl 
alcohol): n^;^ 1*4660: OMe, 40*1%. 

Rate of glycoside formation of trimethylgalactose. The syrup (0*1306 g.) was 
dissolved in 15 ml. of 3 % methyl alcoholic HCl and boiled gently. The reaction 
was followed polariraetrically: fa]'yr + 35*6 ' (initial value), —6*4 (5 min.), 

-29*3" (10 min.), -27*6" (15 min.), -24*7 (20 min.), -24*1"' (40 min. constant 
value). It seemed apparent that both pyranose and furanose. forms were prestmt. 

Bromine oxidation of trimethylgalactosf . Thc^ syrup (8 g.) was dissolved in 
water (200 ml.) and 10 ml. of bromine added. The liquid was heated at 40 for 
24 hours and at the end of this time reduced Fohling s solution very faintly. The 
excess bromine was rcmov(‘d by a vigorous air stream and the acid neutralised 
with silver carbonate. The solution was filtered, freed from excess silver by the 
requisite amount of 2N HCl, again filtered and (evaporated in vacuo at 35'' 
heaving a solid mass of crystals (7 g.). The crystals were extracted with ether and 
the solution was dried over anhydrous magnesium sulphate* and filtered. Tlu’i 
solid crystallised on conccuitration of the ethereal solution and was recrystallised 
from ether-light petroleum (b.p. 40-60'') in clusters of tliick rods, M.P. 99", 
[aj7> — 40" (initial value) in watc'r; it was identical with trimethyl-y-galactono- 
lactone [Haworth et al., 1932], which was provisionally formulated as 2:3:6- 
tri methyi-y-galactonolactone . 

By treatment of the mother-liquors (0*5 g.) with phenylliydrazine, a crystal- 
line phenylhydrazide (0*5 g.), M.r. 175", was isolated. This was identical 
with the phenylhydrazide prepared from trimethylhexonolactone and described 
later. 

Amide oftriinethyl-y-goRictonolactone. This was prepared in the usual manner 
by the action of concentrated ammonia on the lactone in methyl alcoholic 
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solution, and recrystallisation of the product from acetone gave long needles, 
M.P. 135^ [a];;;, + 20-5^ (c, 0-733). (Found: C, 45-4; H, 8-0; N, 6-2; OMe, 
38-7%. CoHjeOeN requires C, 45-5; H, 8-1; N, 5-9; OMe, 39-2%.) 

The structure of 2\S'M4rirn.eihylgalactonolactone, 

The water-soluble trimethylgalactose (2-5 g.) was converted into the galacto- 
side and redistilled twice in high vacuum at 135''/0-07 mm. in order to free it 
from the small amount of impurity due to the trimethylhexose B.r. 14()''/0-07 mm. 

The galactoside was hydrolysed by means of aqueous HCl and the product, 
trimethylgalactose (2 g.), was carefully dried by heating at 70° for 2 hours. It 
was dissolved in methyl iodide (15 ml.) and methylated twice by boiling gently 
with silver oxide (5 g.). The methylated product was isolated in the usual way 
and purified by other extraction. It had b.p. 95°/0-05 mm. (bath temperature 
120°); yield, 1*8 g. of a colourless mobile syrup, 1-4450, OMe, (iO-0%. 

Hydrolysis of tetrarneihyl-niethylgaladoside. The syrup (1*8 g.) was dissolved 
in 2% aqueous hydrochloric acid (50 ml.) and heated at 100° until the rotation 
was constant (2 hours). The acid was neutralis(^d with silver carbonate and the 
solution filtiTcd aftcT the addition of charc^oal. The aqueous solution was con- 
centrated at 35°/18 mm. and the residual colourless syrup extracted with ether. 
Distillation of tlu* ether left a colourless mobile syrup (1-6 g ) which was tetra- 
methylgalactose ; 1*4523, -f 58 ' (c, 0*963 in water), OMe, 51*5%. This 

rotation indicated that the tef ramethylgalactose was a mixture of the pyranose 
and furanose forms. 

Tsohtion of tetranicthylgalactopyratwse anilide. Tetramethylgalactose (1*5 g.) 
(prepared as descrilK^d above) was boiled with aniline (0*6 g.) in absolute alcohol 
solution (50 ml.) for 5 hours. The solution was concentrated to a thick syrup 
which rapidly crystallised in long needles. These were readily recrystallised from 
hot ethyl acetate; yield, 1 g, ; ai.p. and mixed M.r. with an authtuitic speciimm of 
tcdramethylgalactopyranose anilide, 198°. The isolation of the pyranose form 
ahow\s that position 5 is free in the trimethylgalactose, hence the trimethyl-y- 
galactonolactone isolated from it and described previously must be 2:3:6- 
triuK^thyl -y-galactonolactone . 

Investigation of the. chhrof arm -soluble trimethylhexoside A. As described 
])n»viou.sly analysis had shown this fraction to consist of a ymre trimethyl- 
metliylhexoside, and accordingly its hydroly.sis in 2 % aqueous HCl solution w^as 
follow'ed polarimetricaUy ; —15*6’ (c, 0*767) (initial value), 0° (5 min.), 

-hl7° (12 min,), 4-27° (20 min.), 4-30° (35 min.) (constant value). Calculated as 
trimethyIhexos(‘ the equilibrium value is -t-31*6°. The solution reduccsd Fehling’s 
solution strongly. 

2*2 g. of trimethyl-methylhexoside were hydrolysed and the product isolated 
in the usual manner; yield, 2*1 g. of a viscid colourless syrup, ny) 1*4648, 
[a] ‘f 4- 30*5° (c, 0*852), OMe, 40*9%. 

Rate of glycoside formaticm of trimethylhexose . The rate of glycoside formation 
of trimothy'^lhexose with 3% methylalcoholic hydrogen chloride at 100° w^as 
followed polarimetricaUy; [a] 4-25*8° (initial value), —21° (5 min.), —29*1° 
(10 min.), —30*7° (15 min.), (equilibrium value) (c, 0*62). These rapid rates of 
glycoside formation and hydrolysis indicated the presence of the furanose form. 

Bromine oxidation of trimethylhexose. The syrup (2 g.) was dissolved in water 
(75 ml.) and bromine (3 ml.) added. The liquid was weU shaken and allowed to 
stand overnight at 15°. It was then heated for 12 hours at 40°; oxidation was 
then complete. The excess bromine was removed by a vigorous air stream and the 
lactone isolatcKi in the usual manner; yield, 1*8 g. of a clear syrup, n\f 1*4665. 
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On nucleation with 2:3:6-trimothyl-y-galactonolactone the syrup crystallised 
partially. Ether was added and the crystals filtered off ; yield, 0*2 g, (11%); 
M.p. and mixed m.p. with 2:3:6-trimethyl-y-galactonolactone, 99°. 

Nothing further would crystallise and the residual syiiip (1*5 g.) was treated 
with phenylhydrazine (0*7 g.) in dry ethereal solution. There was an immediate 
precipitate and on boiling off the ether a white crystalline mass remained. It 
was washed with dry ether and crystallised from hot ethyl acetate in the form of 
fine white needles, m.p. 176°. (Found: C, 54*8; H, 7*6; N, 8*5: OMe, 27*4%. 
The phenylhydrazide of a trimethylhexonolactone Ci5H240gN2 requires C, 54*8; 
H, 7*4 ; N, 8*5 ; OMe, 28*4 % .) 

JtegeTieration of pure trhnethyl hexonolactone . The phenylliydrazide (2*1 g.) 
was boiled with the equivalent of N HCl for 2 hours. The solution was evaporated 
to dryness in voxmo and the residue extracted repeatedly^ with ether containing 
a little chloroform. Evaporation gave a brown syrup which distilled at bath 
temperature 138-14070*04 mm. (b.p. 110-115°) giving 1*4 g. of a pale yellow 
mobile syrup, n’/; 1*4628. The syTup immediately gave, witli phenylhydrazine, a 
theoretical yield of the phenylhydrazide, m.p. 175°, described above. (Found: 
OMe, 41*6. CeHieO,, requires OMe, 42*3%.) 0*0759 g. required 3*7 ml. A/10 
NaOH (theory requires 3*5 ml.) ; [aj/f —62*4° (c, 0*99). 

Hydrolysis in aqueous solutAon (c, 0*99). [a I,,’ —02*4° (initial value) : —00*4° 
(1 day); -49*8° (3 days); -44*7‘' (5 days); -44*1° (8 days): -43*0° (12 days): 

— 42*4° (18 days; equilibrium value). It is therefore a y-lactone. 

The rotation of acid lactone was determined in the usual maimer (c, 1*15). 
WT~27*8° (initial value as lactone); —37*2° (4 days): —44*1° (9 days); 

— 44*1° (15 days). The proportions of lactone and acid at equilibrium are 55% 
and 45 % respectively. 

Nitric acid oxidation of trinieihylhexono-y-lacione. The lactone (0*8 g.) purified 
by regeneration from the phenylhydrazkh* was heated at 60° for 6 hours with 
nitric acid (0 ml., sp. gr. 1 *2). The excess nitric acid was removed by distillation 
wdth the continuous addition of water for 6 hours. The product was dried by 
heating at 100° for 1 hour and was then esterified in the usual manner by boiling 
with 4% methyl alcoholic HCl. It was fbstilled (0*45 g.) in vacuum giving: 

Fraction I. b.p. 8O-IOO7IH mm., 0*1 g. of a highly mobile liquid, 1*4268. 

Fraction II. b.p. 100-110°/18 mm., 0*3 g. of a mobile liquid, 1*4325. 

On treatment with methyl alcoholic ammonia Fraction I yielded 0*07 g. of 
oxamide immediately and thus consisted chiefly of methyl oxalate. Fraction II 
yielded 0*04 g. of oxamide which was filtered off. The remainder of the solution 
after standing for 2 days deposited crystals in the form of clusters of thick 
rods with pointed ends; yield, 0*25 g., m.p. 284° (decomp.), 93°. The 

amide is d-^methoxysuccinamide and its isolation shows that positions 2 and 3 
are methylated in the trimethyl-ydiexonolactone. No methylated mucic acid 
derivative and no trimethoxyglutaramide could be detected. 

Methylaiicm of trimcthyl-y-hexonolactone . The lactone (1 g.) was methylated 
twice with Purdie's reagents and the product distilled at bath temperature 
140-14570*02 mm. It had 1*4590; [a] ^“4* 10*6° (unchanged after several 
days). 0*0774 g. required 3*0 ml. of A710 NaOH (tlieory requires 3*3 ml.). 
(Pound: OMe, 50*2%. Tetramethylhexonolactone requires OMe 53*0%.) 

The methylated compound was methylated again with silver oxide and 
methyl iodide and distilled. The product distilled at bath temperature 140-* 
143°/0*05mm., and had n 1 *4610. It did not form a crystalline amide or a stable 
phenylhydrazide and the conclusion was reached that the trimethylliexono* 
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lactone was unstable to methylation with silver oxide and methyl iodide. This 
behaviour is different from that of trimethyl-y-galactonolactone. 

Methylation of trimethylhexose. F^. A portion of the trimethyl-methyl- 
hexoside was redistilkHl several times in order to free it from the small amount 
of trimethyl-methylgaJactosidc and the fraction (0*6 g.) distilling at bath 
temperature 143°/0*06 mm. was retained. 

This syrup was hydrolysed mth 1*5^/, aqueous HCl to give trimethylhexose 
(0*5 g.), which was mcthylat(‘d twice with methyl iodide (10 ml.) and silver oxide 
(4g.). The product was a colourless and verv mobile liquid which had b.p. 
9(M)57()-03 mm., 1-444S and \oL\f +25*2" (c, 1*86 in water). (Found: OMe. 
61*6. Tetramethyl-methylhexoside re(|uires OMe, 62*0%,) 

Hydrolysis with 0-4 ^aqueous HCl at 1()0'\ [aJ/J’ -f 25-4"’ (initial value) : -|-22*7 
(5 min.) ; + 21*7"' (15 min.) ; -f 21*5' (40 min. ; equilibrium value). The remainder 
(0*45 g.) was hydrolysed to give (0-4 g.) of a mobile, eolourk?ss and strongly 
reducing syrup. This syrup was dissolve^d in water (10 ml.) and bromine (0*25 g.) 
added. Tht* temperature was maintained at 40'" for 24 hours ; oxidation was then 
eomjdete. The lactone was isolated in the usual way. Yield, 0*12 g. : I *4500. 

(Pound: OMe, 51*1. requires OMe, 53%.) 

Hydrolysis of the above tetramethylhexoiiolactoiu. In aqueous solution, [a]}) 
+ 31-.V (initial value) (r, 0-923); 4-20*2'" (30 hours) : 4-15-2' (4S hours) ; 4-13*0" 
(90 hours; equilibrium value). 

A i)henylliydrazide of tlie above lactone was prej)ar(‘d. It was a white mu’ro- 
crystallin(‘ powder with m.p. 172"^^ hut was unstable in moist air. The yield was 
36 % but th(‘re was insufficient material for analysis. 

From its behaviour on methylation and from the fact that the trimethyl- 
hexono-y-lactone derived from it gives only <i-dimethoxysuccinic acid on oxida- 
tion it is concluded that the unknown trimethylhexose is a derivative of either 
d-idose or ^-altrose. 


Molecular size of the polysaccharide. 

It ha.s been shown by the isolation of 14% of tetramethylglucose from one 
end of the chain in the methylated polysaccharide that the polysaccharide itself 
is a long-extended molecule consisting of 8-19 mutually linked hexos(* imits. 
This value has been confirmed by the estimation of iodine numbers and by 
det<‘rmining the mol. wt. of the methylated polysaccharide by Kast's methocl. 
Mean mol. w't. of methylated polysaccharide 1622. (C^HieOa)^ requires mol. wt. 
1632. The iodine numbers of the |X)ly8accharide and of its acetate were determined 
by the method of Bergmann and Machemer [ 1930]. Iodine number of the polysac- 
charide 14 (corresponding to about 9 hexose units). Iodine number of the 
acetate 8 (corresponding to about 9 acetylhexose units). 

Summary. 

The molecular structure of varianose, a hitherto undcscribt^d polysaccharide 
product^d from glucose by PeniciUium tmrians G. Smith, has been investigated. 
On acid hydrolysis varianose gives a mixture of d-glucose, (^-galactose and a 
third hexose which is either i-altrose or d-idoae. Varianose forms acetyl and 
methyl derivatives which are essentially homogeneous. On treatment wdth 
methyl alcoholic HCl the methyl derivative gives a mixture of 14% 2:3:4:6- 
tetramethyl-methylglucopyranoside, 70% of 2:3:6-trimethyl-methylgalactoside 
and 14% of a trimethyl-methylhexoside which was identified as a derivative of 
either ?-altrose or dddose. From consideration of these hydrolysis products and 
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from molecular weight determinations, it is shown that varianose is constituted 
of a chain of 6-8 jS-galactopj'ranose units with a glucopyranose unit at one end of 
the chain and a unit of either i-altrose or rf-idose at the reducing end. Proof of 
the structure of 2:3:6-trimethylgalactofuranolactone is given. 
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Polycyclic aromatic hydrocarbons are known to produce two distinct patho- 
logicial changes in animals. Thus under cert,ain (ionditions naphthalene produces 
cataract in rabbits, whilst under other conditions derivatives of 1 :2-benzanthra- 
ceiK' produce cancer in some species. It is jx)ssiblo that animals might deal with 
toxic hydrocarbons in either of two ways; the compounds might either be con- 
v(Tt<Kl into more active pathogenic substances or be detoxicated by conversion 
into som(‘ harml(^ss comixiund. Our present knowledge of the metabolism of 
aromatic hydrocarbons with th(' (»xc(‘ption of benzene and naphthalene is ver}^ 
scanty. 

It has been known for some time that the urine of naphthalene-fed animals 
liberates na}))ithal(m<‘ on boiling with acid [Baumann and Heuter, 187SJ. 
Bournt* and Young |1934| have isolated na})hthalenemercaj)turic acid from the 
urine of naphthal(uu‘-f(Ki rabbits. Bergel and Psiiiorr []903| isolated phenan- 
throJglycaironic acid from the urine of rabbits which had been given phcnanthrene 
in their food, but they wijre unabl(‘ to deU^rmine the constitution of this glycuronic 
arid compound. 

Experimental. 

The rats and rabbits received the following diet : 



Parts 


Parts 

Wholctueal ilour 

30 

Wheat germ 

18 

Dried milk powder 

10 

Uran 

18 

r^ard 

10 

Dried yeast 

2 

NaCl 

2 

Anthra(‘ene 

4 


Both rats and rabbits w'ore given milk ami a small amount of fresh green food 
and of cod-liv(‘r oil mixed in the diet each day. The animals were kept in meta- 
bolism cages of the Paine type and the pooled urine of each speci(?s was collected. 

Isolation of products from- urine. The urinr^ was filtered through kieselguhr 
before any process of separation was carried out. The filtered urine from rats and 
rabbits gave crystalline anthracene on boiling with dilute acid. The precursor of 
this anthracene has not yet been isolated. 

Precipitation of the urine with lead acetate and barium acetate did not yield 
any pure material although the urine of both species gave a positive' naphtho- 
resorcinol test for glycuronic acid, and conjugated glycuronic acids have often 
been isolated by means of their lead salts. 

The filtered urine was extracted with ether in continuous extractors for 1, 2 
or 3 days. The ether extract of this untreated urine w’^as washed with NaOH 
solution and water, dried and evaporati'd. The brown crystalline residue was 
recrystallised from toluene. Products with similar chemical behaviour were 

{ 2679 ) 
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isolated from both rat and rabbit urine in yields up to 100 mg. per litre of urine. 
This corresponds to a yield of about 0*5 % of the anthracene consumed. 

Product isolated from the neutral ether extract of urine of rats. The substance 
from rat urine crystallised in white prisms, m.p, lOO-lGl®, with previous decom- 
position; [a]^r in acetone— 154"^ (c, 1), in dioxan— 100° (c, 2). It was soluble in 
t'ther, alcohol and acetone, and moderately soluble in hot water and hot benzene. 
The solutions had a faint blue fluorescence. (Analysis (Schoeller). Found: 
C, 78*9; H, 5*6%; mol. vd-. 227, 222. requires C, 79*2; H, 5*6%; mol. 

wt. 212.) 

The substance was not soluble in ammonia or NaOH, hence it was not phenolic. 
It was acctylated with boiling acetic anhydride containing pyridine for 15 min. 
(without pyridine the substance was recovered unchanged aftt*r a short boiling 
in acetic anhydride). The diacetate (111) separated on a(ldition of water and was 
recrystallised from light petroleum, m.p. 149°; fa]/f (c, 0*05) in benzene— 375*5°; 
in dioxan— 362° (c, 1). Insoluble in watcT, soluble in organic solvents with violet 
fluorescence. (Found (Schoeller): C, 72*9; H, 5*4%. requires C, 73*0; 

H, 5*4%.) 

The analyses thus agree with the formula for a dihydroxydihydroanthracene 
(I) or (II). The optical activity indicates that the carbon atoms bearing the OB 
groups are the reduced ones. 



Boiling the substance with dilute acid produced a-anthrol (IV), m.p. 149-151° 
(m.p. of a-anthrol 150-153° [Dienel, 1905]), which was soluble in alkali with a 
yellow colour and oxidised in air to give a blue colour and precipitate. The 
benzene solution had a strong blue-violet fluorescence. (Found (Schoeller): 
C, 86*2; H, 5*3%. C^HioO requires C, 86*5; H, 5*2 %.) 

Acetylation of this with acetic anhydride in the presence of pyridine gave 
a-acetoxy-anthracene, m.p. 128-130° (m.p. of a-acetoxyanthracene 128-130° 
[Dienel, 1905]). 

The dihydroxydihydroanthracene reacted with benzoyl chloride in pyridine. 
Recrystallisation of the dibenzoate from alcohol gave a product m.p. 138°; 
ta]2>-452°(c,2). (Found (Weiler): 0, 80*1; H, 5*0% . requires C, 80*0 ; 

H, 4*7%.) 
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The ciihydroxydihydroanthraoene rapidly reduced KMn04 in acetone with 
production of heat. After dilution with water and treatment with SOg the 
product was extracted with ethyl acetate, and the acidic product wa8 removed 
with NaHCOg and recrystallised from hot water. It had m.p. 242-243^ with a 
neutralising equivalent of 106 in agreement with that of naphthalene-2:3-di- 
carboxyiic acid (V). (Theoretical equivalent— 108.) (Found (Schoellcr): 66*8 ; 
H, 4-0%. C12H8O4 requires 0, 66-6; H, 3*7 %.) 

The acid was sublimed and gave an anhydride, m.p. 246°, mixed m.p. with 
an authentic sjKHjimen 246'^’. 

Tlie dihydrox5^dihydroanthracene was hydrogenated by shaking the acetone 
solution with palladium in the presence of Hg. With a suitable catalyst (Pd- 
BaS04) substance took up approximately 1 mol. of Hg. The reduec^d product 
did not give a-anthrol on boiling with acid and was more soluble in water and 
benzene than the original substance. The solutions of the n^diiction product 
showed no fluorcscenc(‘. It crystallised in plat<^s, m.p. J40^ from benzene and 
appeared to be dihydroxytetraliydroanthracene (VI): [a|/> in dioxan + 66° 
(c, 2). (Found (Schoellcr): (% 78-5; H, 6-6%. C14H14O9 requires C, 78*5; H, 

This dihydroxytetrahydroanthracene was acetylated by boiling with acetic 
anhydride in th(' presence of a litth' pyridine. The acetatr* crystallised from 
aqueous acetic acid in plates, m.p. 91°; [a]ff in dioxan —74° (c, 1). (Found 
( Weil(T) : C, 72-7 ; H, 6-2 % . requin^s C, 72-5 ; H, 6-4 % .) 

The dihydroxytetrahydroanthracene was warmed with KMnC)4 in acetone 
for a few minutes. An a(3id was isolated which (Tystallis(»d from hot watc*r in 
laminae, m.1 ‘. 210°, with slight decomposition. The neutralisation equivalent (120) 
agrees with that of naphthalene-2-carboxy-3-propionie acid (VIT). Theoretical 
equivalent = 123. (Found (Schoellcr): C, 08-8; H, 4*9 C 14IJ14O4 requires 
0, 68-S; H,4-9%.) 

The dihydroxytetrahydroanthracene and the diacetate of this compound on 
boiling with acid yielded a pink crystalline substance, insoluble in alkali, ojitically 
inactive and of m.p, 149°. (Found (Weiler) : C, 85*3 : H, 6*3 • L\4Hi20 requires 

C, 85-5; H, 6*1%. ) 

This substance readied with phenylhydrazine and appearcnl to be eitlier 
1- or 2-ketotetrahydroanthracene. Braun and Bayer [1929] have described 
1-ketotetrahydroanthraccne, melting at 95°, and 2-ketotctrahydroanthracene 
melting at 148-150°. The substance obtained by acid hydrolysis is therefore 
probably 2-kototetrahydroanthracene (V^lII). 

The analytical figures and behaviour on acetylation show that the etlu'r- 
soluble substance contains two hydroxyl groups and, as it ^delds a»anthi*ol on acid 
hydrolysis, one of the OH groups is in the a-position of the anthracene nuekuis. 
It might therefore be either l:4-dihydroxy-l:4-dihydroanthracene (1) or 1:2- 
dihydroxy-l:2-dihydroanthracene (II). It cannot be one of the meso-substituted 
compounds because the substance can be oxidised to naphthalenedicarboxylic 
acid (V) and takes up hydrogen in the presence of palladium. 

Since acid hydrolysis of the dihydroxydihydroanthraceno yields a-anthrol 
and hydrolysis of the dihydroxytetrahydroanthracene gives 1-ketotetrahydro- 
anthraoene it is very probable that the dihydro- compound is 1 :2-dihydroxy- 
dihydroanthracene (II). 

The KMn04 oxidation of l;4-dihydroxy-l:2:3:4-tetrahydroanthracene would 
give 1 :4-diketotetrahydroanthracene or naphthalene-2: 3 -dicarboxylic acid, 
whereas l:2-dihydroxy-l:2:3:4-tetrahydroanthracene would give ixaphthalene-2- 
oarboxy-3-propiomc acid. The isolation of what is apparently naphthalene-2- 
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carboxyli(>3-propionic acid (VII), an acid containing two carbon atoms more 
than naphthalene-2 :3*dicarboxylic acid (V), by oxidation of the hydrogenated 
ether extract shows the neutral ether-soluble substance to b(' 1 :2-dihydroxy-l : 2- 
dihydroanthracene (TI); the acid would accordingly be naphthalene-2- carboxy- 
3-propionie acid (Vll). 


Substance obtained from neutral ether extract of urine of rabbits. 

This crystallis('d from benzene in plates, m.p. 184"’, with previous decomposi- 
tion; [a]/) in dioxan +16 ’ (c, 1 ). 

It dissolved in ether, ac(‘tone, alcohol, hot water and hot benzene to give 
slightly fluorescent solutions. (Found (Weiler): i\ 79*1; H, 5*6%. Ci 4 Hi 2 Da 
requires C, 79*2: H, 5-7 %.) 

In its cht^mical properties it resembli^d the product isolated from rat urin<\ 
Acetylation with acetic anhydride and pyridin<‘ gave a diacetat(\ laminae, m.p. 
184^ from light petroleum: [a];> in flioxan +309^ (c, 2 ). (Found ( 8 ehoeller): 
C, 73*0 ; H, 5*4 % . requin^s (\ 73*(>; H, 5*4 % .) Acid hydrolysis gave an 

impure anthrol which gave an acetak% m.p. 129 \ after recrystallisation (a- 
acctoxyanthracenc, m.p. 128 - 130 " [Dieru'l, 1905).) 

Oxidation with KMn 04 yielded naphthalen(‘-2:3-dicarboxyIic acid, m.p. 242- 
243'^’, identical with that obtaira'd under similar conditions from the ether-soluble 
product of the rat urine. (Found : C, 66 - 0 ; H, 4*0 % . C] 2 H 4 g 04 requires C, 66 * 6 ; 
H, 3*7 %.) Hydrogenation with hydrogen and palladium gave a dihydroxy- 
k+rahydroanthracenc, m.p. 162 ; (aJ/f-F (r, 2). (Found (W<*iler): C, 78*6; 
H, 6*76%. C 14 H 34 O 2 requires C, 78*6; H, 6 * 6 %.) The dihydroxyk+rahydro- 
anthracene on acetylation with boiling acetic anhydride and pyridine gav(* a 
diacetatc, m.p. 84^"; [a]‘^';--3’ (c, 1 ). (Found (Weiler): 72*2; H, 6 * 4 *^o. 

Ci 8 Hig 04 requires C, 72*5; H, 6*4 %.) 

The rotations of the dihydroxytetrahydroanthraccTic and tlie diac( 4 ^)xy- 
tetrahydroanthracene were too small for accurak* (((‘terminations with tlu* 
amounts of material available. They both app(‘ared to be slightly la('vorotatory. 

Oxidation of this dihydroxytetrahydroanthnic(‘n(‘ with KMnO^ in a(‘(‘tone 
gave naphthalene-2-carboxy-3-propioni(! acid, m.p. 205 , identical with that 
obtained from the rat urine under similar conditions, (Found (Weihu*): C, 68 * 5 ; 
H, 5*2%. C 34 HJ 2 O 4 rtjquires 68 * 8 ; II, 4*9 %.) The tetrahy(lro-com pound on 
boiling with dilute HOI gave 2-keto-l:2:3:4-tetrahydnjauthracene, m.p. 145-149°. 

Tiie chemical properties and (jomposition of the derivatives of the compound 
from the rabbit are identical with those of the compound from ( he rat and the 
substaru’c must therefore be 1 :2-di hydroxy- 1 :2-dihydroanthracene. The differ- 
(iiices in M.P, and optical rotation (Table T) show that tlu^ two species produce 


Table I. Properties of the. 1 :2’>dihydroxy-l:2-dihydr<)anthracAnes isolated from rat 

and rabbit urine. 



Kat 

Rabbit 

AI.P. 


184® 

in dioxan 

-100® 

4 IG'2® 

M.p. of diacetato 

J49® 

184® 

of diacetato in dioxan 

- 302® 

4 309® 

M.p. of hydrogenated product 

149® 

102® 

faj^' of hydrogenated product 

h 98® 

« 1® 

M.p. of diaeetate of hydrogenated product 

91® 

84® 

of diaeetate of bydrogenaUuJ product 

- 74® 

- 3® 
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different stereoisomerides of the compound. As the molecule is not symmetrical 
about the two asymmetric carbon atoms, internal compensation is impossible, 
thus four stereoisomerides of substance (11) are possible. It is not definitely 
proved that the substances isolated w^(»re optically pure. 

As the 1: 2-dihydro- l:2-dihydroxyanthracene yields a-anthrol r(‘adilyon acid 
hydrolysis and the original urine from rats giv(!s anthra(me under similar condi- 
tions it seems probable that rats excrete 1- (or 2) -hydroxy- 1 • 2-dihydroanthraeen<* 
in addition to the dihydroxy-compound. It is uncertain whether this is excr(*ted 
as such or conjugated with glycuronie acid. 

It is remarkable that anthracene should be attacked in th(^ sid(^ rings in the 
animal body. Most ch('mi(‘al n‘actions such as halogenation, nitration or oxida- 
tion carried out in vitro h'ad to ])roduets with Hubstitu(‘nts in th(' 9:10 positions 
It is possible that tlu* substances isolated are formcMl in the gut by th(‘ action of 
int(\stinal bacb^ria, but if this wt*r(^ the case it would be very remarkabh* for th<‘ 
fiora. of the rat and rabbit to produ(*(‘ different stereoisomerides. 

In addition to the two isom(*ric dihydroxydihydroanthra(‘encH, tw() distinct 
glycuronie acid d(*rivativt\s of anthra(*en(‘ hav(* been isolated from th(‘ t wo species 
but th(‘ (‘onstitution of th(‘S(' has not yet been d(t(Tmined. Indications hav(* also 
b(Mm obtained that some anthracene is excr(t(*(l in the form of nuu’capturic acid 
but s() far this has not Ix'cn obtaim^d in a pure condition. 

ExjKTiimmt in which the* carcinog('nic hydrocarbon 1 :2:5:()-dibenzanthra(*ene 
was fed to rats hav(‘ led to the isolation of a substance analogous to those 
(h'Hcnbc‘d in this pajier. Work on its properties is now in hand. 

SOMMAKY. 

Rats and rabbits led ontlu* same di(‘t containing anthracene excrete differemt 
st(‘reoisom(‘rid(‘s of l:2-dihydroxy-I:2-dihydroanthracene. The form excreted 
by rats is lai'vorotatorv vvhik‘ that exended by ral>bits is dextrorotatory. 

One of us (A. A.L.) has pleasure in thanking the Sir Halley Stewart Trust 
for a fellowshif) htdd during th(‘ progress of this work. 
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An investigation coateinplati'd in this laboratoiy involved th(‘ preparation of 
ornithuric acid and its derivative a-benzoylornithino in larger amounts. The poor 
yields obtained by the (existing methods and their tedious eliaracter made it 
desirable to improve thes(» methods. Success has attendid our (efforts in thivS 
direction and it is thought that our results may be of value to other workers 
recpiiring these com})Ouuds and tluur derivatives. 

The method to be described is essentially thi^ same as those already published 
and consists of the following steps: arginin<‘ (or earl>amido-arginiue) -orni- 
thine — ornithuric acid — ben zoylorni thine. Ornitliine can be obtairu^d (‘ither 
synthetically or by the hydrolysis of arginine, and of these alternative's the latt^'r 
appeared to us the more promising, (‘specially as arginine monohydrochloride (^an 
be fairly readily isolati'd from a gelatin hydrolysate [Ck)x, 1928; Felix and Dirr, 
1928]. In later experiments the lengthy preparation of arginine monohydro- 
chloride was avoided by substituting for it the carbamido-arginiiH' described b}’ 
us [1935] in a previous paper. 

The first workers to prefiare ornithine in any (piaiitity from arginine wen' 
Schulze and Wintc^rstein |1898]. Their nu'thod consisted essentially of the 
hydrolysis of an arginine salt with baryta and the isolation of the ornitiiiiK^ so 
produced in the form of its dibenzoyl derivative ornithuric acid. Tin*, method has 
two disadvantages. The yield of ornithuric acid is only 27 % of that demand(*d by 
theory; moreovi'r, its subsequent hydrolysis and the isolation of the ornithiiK' 
arci by no means easy, so that the yield of the latter compound suffers ai'cordingly. 

Bergmann and Zervas [1920] overcame tin* sei'ond of these difficulties by pre- 
liminary isolation of the ornithine as a salicylidene d(^ri\'ativ(* of the barium salt, 
a compound which is practically insoluble in cold water and is readily decom- 
posed by dilute acids. By this method they were alili* to obtain a 23% yield of 
ornithine dihydrochloride. 

Bergmann and Zc^rvas suggested that th(^ gn^atest loss occurred during 
hydrolysis of the arginine salt with baryta. At first sight this seems justified, 
especially sinc(3 ornithine can be converted quantitativ(*ly into ornithuric acid. 
It is very unlikely that any appreciable decomposition of the ornithine occurs 
since Van Slyke [1911] and Plimmer [1916] siiowcci that the amount of ammonia 
evolved on boiling an arginine salt with caustic alkali is always less than that 
required by theory if all the urea produced in the reaction were completely 
hydrolysed. Plimmer, in fact, showed that the amount of ammonia evolved only 
approached the theoretical figure if all the urea were* completely hydrolysed, and 
that this took place only when the concentration of sodium hydroxide was 
greater than 20% and the time of boiling sevtTal hours. 

Another possible source of loss is suggested by the observation of Baumann and 
Hoppe-Seyler [1874] that when glycine is boiled with urea and baryta, ammonia is 
evolved and carbamidoacetic acid (hydantoic acid) is producxid. Lippich [1906] 

( 2684 ) 
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showed that this reaction was not confined to glycine by preparing a-carbamido- 
t^ohexanoic acid from leucine. Later, this author [1908 ) showed that the reaction 
was applicable to most of the inonoamirio-acids obtainable by the hydrolysis of 
proteins and also to such aromatic amino-acids as anthraiiilic acid and sul- 
phanilic acid. It appean?d to us thendbre that the urea f)roduced in the initial 
stages of the reaction might react with the constituents of the mixture to give 
one or more of the following products: 

(1) 

NH2 kncosH. 

( 2 ) NH2(.^H2(^H2(’IL(’H(’(K)n 

NHCONH^ 

{ ) N ilo( H IK.^H 2( ’HoCii COO H 

“i 

NH.. 

(4) NUaCONHCHgC^H.CHj'HCOOn 

KHCoXM, 

Comj)Ound (1) is already known to us as carbamido-arginine; compound (3) is 
citruUine [Koga and Odakc, 1914: Wada. 1939] and is characterised by an 
extremely insoJubk* eopj'H^r salt. C'ompounds rcpres(*nted by the formulae (2) and 
(4) ar(‘ as yet unknown, but their existence is |>ossible, especially in vi{‘W of the 
fact that Hoppe-Seyh^r [1933] has isolated S-carbamido-7t-butylhydantoin from 
the uriiu' of a eystinurie, it being formed presumably from the lysine and urea 
coiitain(‘d I ht'rein. 

Examination of the rt^action mixture, how(‘vei% after hydrolysis of the 
arginiiu' under the conditions .specified luther by Schulze and Wiriterstein or by 
Bergmann and Zervas, failed to reveal tht^ presence of either carbamido-arginine 
or of citruUine. Neverth(4ess, we are not prepan‘d to state that either of these 
sub.stances or their derivatives are not present in the mixture. 

The problem of the decomix)sition of arginine by alkali was then examined 
from another angh*. Any change in the conditions which w^ould lead to increased 
hydrolysis of the urea produced in the reaction should lead to an increased yield 
of ornithiiu\ Examination of the quantity of baryta used by Schulze and Winti^r- 
stein and by Bergmann and Zervas shows that the actual concentration of baryta 
available for hydrolysis is extremely small after alIowanct‘ has been made for the 
amount used in liberating the arginine from its salt and the formation of the 
barium salt of arginine. 

Comparing tlu^ amounts of free alkali present Avith those employed by 
Werner ( 1023] in his studies of the decomposition of urea by alkali, we arriA^ed at 
the conclusion that this is where the difficulty lay. In point of fact there can be 
no appreciable hydrolysis of the urea producjed when Bergmann and Zervas’s 
quantities are employed wsince there is practically no barium carbonate pre- 
cipitated during the reaction. 

In order to see if the yield of omithuric acid were increased with increasing 
hydrolysis of urea, we undertook a series of semi-quantitati\’^e experiments in 
which the amounts of ammonia evolved and of ornithine produwd, isolated as 
omithuric acid, Avere studied in relation to the time of boiling and the concentra- 
tion of baryta employed. It was found that up to a ce^rtain concentration of 
baryta, the amounts of ammonia evolved and of omithuric aeid isolated were 
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increased. From an examination of the curves of Fig. 1 which represent the 
amount of ammonia evolved plotted against time, it will be seen that the sIojh^ of 
curves I and II remains approximately constant, that of III changes slightly, 
whilst in the case of IV the change is so marked that the total amount of am- 


monia evolved in the courses of the rv- 
action is less than that corrc'sponding to 
III, This decrease is paralltJed by tlie 
yield of ornithuric acid. 

The observation that increase in the 
concentration of baryta employx'd be- 
yond a certain optimum value produced 
a decrease in the yi(‘lds of both ammonia 
and ornithuric acad, suggested that th(‘ 
large amount of barium carbonate* pro- 
duced under tliese conditions was cans- ^ 
ing an appr(*ciable loss l)y absorption of -g 
the reactants. This idea seemed to ^ 
borne out by thi* fact that prolonging 
the time of boiling to 24 hours liad no 
appreciable elfc(3t on the yield in ease* IV, 
whilst in the other eases the increase 
though small was definite. To ov(*rc(»m(* 
this difficulty caused by the formation 
of a precipitate during the course of the 
reaction, sodium hydroxide* was substi- 
tuted for barium hydroxide as the hydro- 
lysing agent. We had a precedent for so 
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doing in the observations of \'an Slyke [1911] and P]imm(*r flOI6|, already 
referred to above. It was found that on heating an arginine* salt or the earbamido- 
compound with ten times its weight of 20% NaOH for 6 hours a 70 yield wa.> 
obtained, whilst if the tinu* of boiling was extended to 15 hours the* yield of 
ornithuric acid obtained was theoretical. The modification can also be used for 


the isolation of ornithine salts if tlu* hydrolysate is first acidili(*d in order to 
remove carbonate, then tr(‘ated with an excess of bar\da and finally shaken witli 
salicylaldehyde, according t-o thi* procedure of Bergmann and Zervas. 

For the preparation of benzoylornithine from ornithuric acid two methods, 
essentially the same, are available in the literature. The; first due to Sorensen ei al. 
[1912] involves the repeated hydrolysis of ornithuric acid with successive* quan- 
tities of dilute baryta on the* water-bath and the recovery of the unchanged 
ornithuric acid. The yield is good (60 %) but the very large* numbeir of op(*rations 
makeiS the proces.s laborious and time-consuming. I'he second method, due to 
Wada [1930], is (jssentially the same but involve*s only one operation, l)oilmg 
under reflux with bar^a. His yiedd however drops to only 41 % , There appears 
to be an anomaly in this payier in so far as the quantity of baryta employed is less 
than that required to dissolve all the ornitliuric ae/id. By (*mploying a slight 
excess of baryta over that required to form the barium salt of ornithuric acid 
and of the benzoic acid produced during the coursi* of hydrolysis, and by in- 
creasing the duration of refluxing th(* mixture, w^e have sut^ceeded in one simple 
operation in obtaining a 76% yield of a- benzoylornithine of excellent purity. 
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Experimental. 

Semi-qmiTUitative examination of the decomposition of arginine by various 
concentrations of baryta solution. 

The apparatus consisted of a 150 ml. round- bottomed flask, fitted with a 
reflux condenser and so arranged that a stream of washed air could be drawn 
through into a bubbling tube containing standard acid. 

2-75 g. of arginine hydrochloride were taken for each experiment, the baryta 
and water added and the whole boiled over a small flame with a continuous 
stream of ammonia-free air passing through the apparatus. At intervals thc‘ 
tube containing the standard acid was removed and another substituted ; the 
excess acid being titratc^l against standard NaOH. After 6 hours NaOH was 
added to the reaction mixture in moderate excess of that recpurt'd to liberate the 
barium from its salts and thf‘ solution while still hot was saturated with carbon 
dioxide and filtered. The precipitat(‘d barium carbonate* was repeatedly boiled 
out with wat(T and the washings saturated with carbon dioxide and filtered. Thf* 
eombin<*d washing.s and filtrates were tluui made more strongly alkaline with 
NaOH and treated with benzoyl chloride as described by Sdiulze and Winter- 
stein. The mixture was acidified to C'ongo red with HCl and filtered. Thf^ 
precipitate* was washed on th(* filter with wat(*r, twice with cold alcohol and 
finally with (*,th(T until the washings wen* free from benzoic acid. The product 
had M.J*. 187 \ iinchang(‘d aft(‘r recrystallisation from 50% alcohol. The benzoic 
add was removed as described, in preference to boiling it out with water, as this 
procedure sometimcis gav(^ a. sticky product. 

Tl)(* following table .show^s the yield of oriiithuric acid obtained, corresponding 
to the concentration of baryta used: 


’in»e of hoihng 


Yield 

in hours 

8H.,<)/wator 

o 

0 

h 

5 1,> 

33-2 

(i 


ol 

0 

I'O 40 

57 


2 o/:io 


J7 

20/40 

(W 5 

Preparation of embamido-arginine from gelatin. 


(lelatin (1 kg.) was boiled with 20% HCI (2 1.) for 14 hours. The h3Tlrolysate 
w'as (*vaporated in vacuo to a thick syrup, which was then dissolved in water and 
the volume made up to 4 1. 40% NaOH was added until the* solution w^as just 
acid to (bngo n'd. It was then decolorised with charcoal in the usual waj . To the 
hot filtrate was addl'd a hot solution of flavianic acid (200 g.) in water (11.) and 
the whole allowed to cool overnight. The precipitate w^as collected at the pumj) 
and repeatedly washed with cold water until the washings were free from 
chloride. The solid was dried, heated on the w^ater-bath with cone. HCl (200 ml. 
per 1(X) g. of flavianate) for 2 hours, cooled ovemight in the ice-chest and filtered. 
The solid remaining was repeateilly washed with cone. HCl until the washings 
were practically colourless. The filtrate and washings were combined and 
evaporated in vacuo to a thick syrup. This was dissolved in water (1 1.)> tlie solu- 
tion neutralised to litmus and the neutral solution decolorised with chan*oal. 
Tlie practically colourless filtrate was then treated with a solution of potassium 
cyanate (70 g.) in water and the whole heated on a steam-bath for an hour. On 
cooling the carbamido-arginine separated. It weighed 82 g., and was pure enough 
for the next experiment. 
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Ornithuric acid from curbamido-argininc. 

Carbamido-arginine (40 g.) and 20% NaOH (400 ml.) were heated under 
reflux for 15 hours. After partial neutralisation of the alkali the solution was 
treated with benzoyl chloride in the usual way and the product worked up as 
described above. The yield was 57-5 g., approximately theoretical. 

Ornithhie hydrochloride from carbamido-arginine. 

Carbamido-arginine was hydrolysed as in tlie previous experiment, the solu- 
tion being finally acidified to remove carbonate and then treated with a large 
excess of baryta. It was tlum shaken with salieylaldehyde, as described by 
Bergmann and Zervas. TIkj barium salt of the salicylidene (jompouiid which 
separated was collected, washed with cold water and decomj)osed by dilute 
HCl. The mixture was cooled, extracted with other, th(^ aqueous solution 
evaporated to dryness in vacua, the residue extracted with hot methyl alcohol 
and the alcoholic extract concentrated to a syrup. The residue was dissolved in 
water, neutralised to litmus with ammonia and (joneentrated. To the resulting 
syrup rectified spirit was addt^l, according to the method of »Jaffe [1877], until 
it became cloudy. On standing for several days the ornithine monohydrochloridt? 
separated as a colourless crystalline mass. This was colk‘cted at the pump and 
air-dried. The yield was approximate!}^ theoretical. 

Benzoylornithine from ornithuric acid. 

Sorensen et al. [1912] found it necessary, in carrying out this operation, to 
use a silver-lined flask in order to obtain an ash-free })roduct. Wi» found a pyrc'x 
flask suitable for the purpose. Ornithuric acid (48 g.), baryta (45 g.) and watcu- 
(750 ml.) were boiled under reflux with exclusion of carbon dioxide for 15 hours. 
Wliile the solution was still hot, the barium was (piantitatively removed by the 
addition of sulphuric acid. The precipitated barium sul])bate was removed from 
the solution and repeatedly boiled out with M^ater. Th(‘ combined filtrates were 
-<^vaporated under rf^duced pressure to about 200 ml. and (‘xtracted with ether to 
remove the benzoic acid. The solution was then concentrated to a stiff syru]) and 
treated with absolutt' alcohol. TIk^ white crystalline* prc*cipitate which separated 
was filtered off and air-dried. Tin" product was ash-fr(‘e, and when luxated in the 
manner described by Sorensen et al, molted at 264-267''. The yield was 24 g. or 
76 % of theory. 
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(Received October 11th, 1936.) 

In dctemiiiiiiig the sugar of a cold water extract of dric^d barley leaves, 

it was found that the estimate of total sugar was considerably higlier if hydro- 
lysis was effected by heating witli N/o sulphuric acid in a boiling water-bath for 
10 min., than if treatment with 0*1% invei^tase was employed. The sample* 
of invertasc^ was obtained from the British Drug Houses and under the conditions 
em))loyed inv(Tsiou of sucrose was complete. In one experiment tli(‘ value for 
t(jtal sugar obtained after acid hydrolysis was 2-72% of the fresh w^eight of the 
leaves, whilst aft(*r (‘nzymic hydrolysis it was only % . Separate (estimates of 
fru(*tose and glucose showed that tlu* exc(*ss of reducing sugar re.sulting from the 
acid tr(‘atment was almost entirely fructose. Tlu'se observations l(*d to an 
att(Mnj>t to isolate a fructose anhydride li*om th<^ leaves. 

It has long b(*(‘n known that fructoses anhydrides occur in cereals [Miintz, 
1 878 1 and in bulbs [VVallach, 1 88()j. More reccuitly their presence in the Grarnineae 
has ))cen reported by de (Jugnac [19311, and by Kizel and Kret^)\Ttsch [1934], 
a,nd their (constitution has l)e(ui diseuss(‘d by Cliallinor et al. [1934] and by 
Schlubach and Koenig |1934], The preaenct* of these com}>ounds in the barley 
grain wtih recorded by Tanret [1891 j, and in the stems and leaf sheaths of the 
barley plant by (blin [1925] and Belval [1924; 1933]. As far as can be ascer- 
tained their presence in the leaf lamina has not hitherto been demonstrated, in 
fact both (blin [1925] and de Cugnac |1931| state that these compounds do not 
invade the leaf })arenchjTna, although they have been found in the leaves of the 
iris [Augem, 1928], and of the yucca [Schlubach and Florsheim, 1931].' 

The barley leavers from wdiich a fruckme anhydride has now been isolated 
WT're detached from plants which had received a full manurial treat imuit. The 
seeds were sown on 3. iv. 33, and the collection of leaves was made 10 11 weeks 
later, when th(* (^ars were emerging from their sheaths. Subsequent work has 
shown that it is unlikely that fructose anhydrides accumulate in the leaves before 
this stage of the plant’s development. 

Preparation of material for water ejctraction. Green leaves (7 kg.) wtto detached 
from the plants at the stage described above and plunged into boiling 95 
alcohol in such (juantity that the final alcohol concentration was 75-80%. 
After extracting under a reflux condenser for 5^-6 hours, the alcoholic extract 
was poured off and the residual leaf material dried at 80-90 It w^as then ground 
to a powdt^r and again extracted with 95 % alcohol for 4 hours and dried at 95'\ 
The product, a straw-colourtd powder, was now free from sugars, waxes and green 
pigments and constituted (K) % of the total dry weight of the leaves. 

^ Since this work was completed a paper has appeared by Yemm [1935] in which the presence 
of a fnictose anhydride in some barley leaves is inferred from the results of sugar deUTminations. 

( 2689 ) 171--2 
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The bulk of the fructose anhydride remains undissolved by this treatment, but 
a small amount was later recovered from the alcoholic extract. 

Preparation and precipitation of the water extract, 100 g. lots of the dried 
powder were shaken in 3 litres of cold water for 10 hours, and the extract was 
then filtered off at the pump. An amount equivalent to 12 % of the total dry 
weight of the leaves was extracted by this treatment. The aqueous C'Xtract was 
evaporated in vacuo, below 40'', to an eighth of the original volume and an equal 
volume of 95 % alcoliol then added in ordt^r to remove the bulk of the inorganic 
material. The precipitate so obtained had an ash content of 00--70%; the 
remaining 30-40% of organic; material was not further examined. 

The filtrate from this precipitate was evaporated to a twelfth of its volume 
and then poured slowly and with stirring into a large excess of 95 % alcohol, the 
final concentration of alcohol being about 80 % ; the cinder fructose anhydride was 
precipitated as a gum by tills treatment. After removal of the supernatant liquid 
the gum was taken up in a little water and the solution }>oured cautiously into a 
large excess of absolute alcohol. A creamy white precipitate sc‘parated, which was 
washed with absolute alcohol by decantation and then dried fa vacuo over 
sulphuric acid for several days and finally at 100'' for 1 hour. The yield of cnide 
material was 6*7 % of the total dry weight, or half the tf>tal amount of material 
extracted by water. Detennination of the reducing power of the original aqueous 
(‘xtract, after hydrolysis with Nj5 sulphuric acid, showt'd a total sugar content 
equivalent to 8*4% of the dry weight. Therefore, allowing for the ash content of 
the precipitate (16 %), about 66 % of the fructose anhydride in the water extract 
was precipitated by 80% alcohol. The yield of cnule product can l)e somewhat 
improved by further recovery as barium salt from tin; combined alcoholic 
filtrates. 

Treatment of the crude fructose anhydride. In the first instance purification of 
the product was attempted by repeated reprecipitation from alcohol and by 
dialysis. It was found, however, that fractional })re(‘ij)itation with baryta was a 
much more satisfactory procedure. Ckmsequently 93 g. of thc^ crude ])rodu(;t were 
dissolved in 50% alcohol and saturated baryta was addt*d in amounts of about 
70 ml. at a time. After each addition alcohol was added to maintain tlu* coiujcn- 
tration at 50%. The first five fractions wctc eo!itaminate‘d with a substance 
giving a bright yellow barium salt and varied in colour from yellow to cream. 
These were set aside. After the addition of 370 ml. of baryta the next addition 
gave a white precipitate*. Three white fractions wen* ohtain(;d using 250 ml. 
baryta for each fraction. 

After removal of barium in the usual way th(* aqueous solutions of th<^se 
fractions (nos. 6, 7 and 8) were evaporated to small bulk and the purified product 
was precipitated by pouring the solution into absolute alcohol. The precipitate^s 
were quite white, and after drying a pure whik; |:)owder was obtained in each case. 

Hydrolysis of fraxiions 6, 7 and 8. Hydrolysis was effected by heating in a 
boiling water-bath with A/5 sulphuric acid, and the total reducing power and 
fructose content of the hydrolysate were determined by a modification of the 
Harding and Downs copper reduction micro-methcKl, and by the Kolthoff 
method as described by Van der Plank [1935]. 

The r(*ducing power of the hydrolysate reached a maximum after 5 min. 
heating and remained constant for half an hour, after which it began to fall 
owing to destruction of fructose. A standard time of 15 min, was used in testing 
the various samples. The results are shown in Table I, together with the values 
obtained from a sample purified by dialysis and alcohol precipitation, followed by 
separation as the barium salt. 
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Table I. Ash coTvtmt, specific rotation, and sugar corUent after hydrolysis 
of samples of fructose anhydride. 






% 

Fnictose as 





sugar after 

% total 


Yield (g.) 



hydrolysis. 

reducing 


(from 93 g. 

Ash 

Specific 

Calculated 

power after 

Method of preparation 

see p. 2690) 

/o 

rotation 

as fructose 

hydrolysis 

Alcohol* precipitation and 

— 

3-5*5 

1 

u. 

0 

88-95 

90 

dialyMia 



to -29*^ 



Alcohol precipitation, dia- 

— 

0*16 

[a]'; -35^^ 

105*5 

94 

lysis and baryta fraction- 
ation 






Baryta fractionation : 






fi’raction 0 

11-9 

31 

— 

98 

— 

Fraction 7 

10-4 

4J 

— 

98 

95 

Fraction 8 

3*8 

1*9 

— 

100 

89 


* This sample j?ave on combustion C 42-7; H 0-0%. requires C 42* 1; H 6-4 Vo- 

(C«H,o<> 6).« requires 0 44*4; H 


Reprecipitation of fractions 6 and 7. Fractions 6 and 7 were again precipitated 
by three separate a(lditions of barj^dja. The first two fractions (20 ml. baryta) 
were of a faint cream colour and rather smal] in amount. Th(» fructose anhydride 
was regenerated in the usual way from the third fractions, which were pure white, 
and from the se<H)nd fraction of no. 6, the other fractions being discarded. The 
ash content was considcTably rcHiuet^d by this procedure and a higher value 
obtained for tlie total sugar content after hydrolysis {Table II). 


Table II. 


Fraction 

Yield (g.) 

Ash (%) 

‘V, sugar in the 
hydrolysed pro- 
duct. Calculated 
ii.s fructose 

Fruetose as of 
t()tal reducing 
power after 
hydrolysis 

6, 

1*4 

4*0 

102 

95 


3*6 

0*15 

103 

95 

73 

2*6 

0-40 

104 

92 

A 

.*1*8 (from 5*8 g.) 

None 

105 

95 

B 

1*3 (from 5*8 g.) 

None 

104 

94 


SiiKi' there appeared to be no mafrrial difference between the two pure white 
samph's 63 and Tg they were combined and refractionated using two 10 ml. lots 
of baryta. The two samples, A and B, obtained by this final fractionation gave 
on hydrolysis the results shown in Table II. All the remaining ash had been 
n^moved, but the percentage of sugar obtained on hydrolysis was not sensibly 
altered. 

The final product was a pure wdiite amorphous powder, very soluble in cold 
water, insoluble in absolute alcohol, non-reducing towards copper and precipi- 
tated slowly by basic load acetate. The lead precipitate was redissolved by a 
slight excess of the reagent. 

The maximum yield of reducing sugar on hydrolysis was 105 % of the weight 
of fructose anhydride taken. This wo^d correspond to complete hydrolysis of a 
disaccharide or to 94 % hydi’olysis of the molecule (CeHioOs)^ . In no case was the 
fructose found equivalent to more than 95 % of the total reducing power after 
hydrolysis. There appears therefore to be a small amount of glucose (or other 
reducing substance) produced on hydrolysis in addition to the fructose. There 
may also be a little non-reducing material but this remains uncertain until the 
size of the molecule is known. 
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The specific rotation of samples of fructose anhydride. Although the samples A 
and B discussed above showed no difference in chemical properties they did not 
show the same specific rotation. The values obtained were [a])f A —ST’S®, and 
B —28*1'^, The value for sample A agrees fairly well with that for the sample 
prepared by alcohol precipitation, dialysis and baryta treatment ( — 35°; see 
Table 1), and also with the value for fraction Gg which was —37°. A low value, 
— 26°, similar to that found for B, was obtained from a sample prepared from 
the filtrates remaining after tlie precipitation of the crude product with 80 % 
alcohol. 

The action of invertase on samples of fructose anhydride. All th(^ samples were 
slowly attacked by invertase, but the rates of hydrolysis of the different pre- 
parations varied considerably. Thus after an incubation period of 4 hours at 
38°, with an enzyme concentration of 0*02 % , the degree of hydrolysis of samples 
A and B was 11*7 and 17*2 % respectively. IJnder the same conditions only 4 % 
of fraction Gg was hydrolysed, whilst values of tlie ord(T of 20 % were found for 
fractions isolated from the alcoholic extract of the green leaves and from the 
filtrates after precipitation of the aqueous extract by 80 7o alcohol (see p. 2G90). 
All these samples gave the same results on acid hydrolysis as thos(^ already quoted 
for samples A and B. 

The results of the measurement of specific rotation and of susceptibility to 
invertase action suggest that a mixture of two or mon* fructose anhydride's was 
present in these barley leaves; further, the more soluble fractions have a lowt'r 
negative rotation and are more readily attacked by invertase than the less 
soluble. 

A sampki of the fructose anliydride is now in the hands of Prof. Haworth, 
who is studying the constitution of these comi)Ounds obtained from different 
sources. Further investigation is therefore suspended until these results an' 
available. 

SUMMABY. 

A fructose anhydride has been isolated from a wat/CT extract of leaves obtained 
from barley plants at the time of emergence of the ear. 

The product, a pure white amorphous powder, readily soluble' in cold waU^r, 
was obtained by precipitation of th(‘. aqueous solution with alcohol, followed by 
fractional precipitations with baryta until there was no change in the amount of 
sugar produced on hydrolysis of the regenerated product. 

Hydrolysis of the final product yielded a solution (.'ontainiug reducing 
sugar equivalent to 105 % of the weight of anhydride taken, of which 94 % was 
fructose. 

Samples were obtained which differed both in specific rotation and in suscepti- 
bility to invertase action, although otherwise exhibiting the same properties as 
those quoted above. The more soluble fractions had a specific rotation of about 
[a])f-27° and were more readily attacked by invertase than the less soluble, 
which had a specific rotation of about —37°. 

It is concluded that a mixture of two or more anh ydrides was present in the 
leaves. 
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It has long b('en rec'ogniscd that a large proportion of th(* total phosphorus of 
cereals and other Vegetable foodstuffs may be present in the form of phytin, the 
calcium magnesium salt of inositolhexaphosphoric acid. This compound, which 
is insoluble, is manufactured commercially, and has been widely recommended 
and accepted as a tonic [Ihm, 1929; Paulsen, 1929] and as a readily assimilable 
form of phosphorus for human nutrition [Starkenstein, 1910; Hutchison and 
Mottram, 1933]. On the other hand Plimmer [1913] showed that phytin was not 
hydrolysed by the intestinal eriz>nnes and evidence has been accumulating in 
recent years that its phosphorus is not available. This is contrary to the results 
of (‘arlier workers [see Plimmer, 1913] who found that the administration of 
phytin by mouth led to an increased excretion of inorganic phosphorus in the 
urine. Bruce and Callow [1934] however using a high Ca-low P diet for rats 
claimed that the rachitogenic effect of cereals was due to the fact that phytin-P 
was unavailable. Lecoc and Barban [1935] have shown that in rats aromatic 
phosphates do not have an antirachitic action, whereas carbohydrate phos- 
phates have. Phytin-P was found to be quite unavailable. On the other hand 
Harris and Bunker [1935] found no correlation between the degree of rickets 
produced by a coni cliet in rats and the absolute or relative amounts of phytin -P 
which the diet contained. The further question whether the absorption of 
calcium from the gut may not he interfered with by phytic acid was considered 
by Bruce and Callow [1934], but Forbes and Irving [1931] found that phytin-Ca 
was as available to rats as that of CaCL^ . 

Many workers have determined the phytin-P of cereals, mainly by modifica- 
tions of Heubner and Stadler’s [1914] original method. This depended upon the 
extraction of phjiiic acid from the finely-ground cereal by means of HCl, and the 
titration of the extract with an acid solution of ferric chloride in the presence of 
ammonium thiocyanate. The phytin was precij>itated as its insoluble iron salt, 
and the end-point doU'rmined by the appearance of the red colour. Later 
workers have experienced considerable difficulty in determining the end-point 
of the titration, and modifications have been introduced by Rather [1917], 
Averill and King [1926] and Harris and Mosher [1934], Recent results have how- 
ever fully confirmed the earlier view that phytin-P may form a large percentage 
of the total P in cereals [Andrews and Bailey, 1932; Knowles and Watkin, 1932; 
Harris and Mosher, 1934], Nuts have also been investigated [Averill and King, 
1926] but no systematic study appears to have been made of the phytin in other 
plant foods, and an attempt has been made in the present inves^ation to 
determine phytin in jfruits, vegetables, nuts, cereals and cereal products com- 
monly eaten in this country. 
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Method of determination. 

Heubner and Stadler’s 1 1914] method was first tried but was found to be un- 
satisfactory, partly owing to the difficulty of determining the end-point of the 
titration, even when modifications suggested by later workers were introduced, 
and partly because such large amounts of dried fruit or vegetable were some- 
times required in order to obtain a reasonable titration. 

Young [1935] has devised a method for the determination of phytin, which, 
like the earlier ones, is based on the precipitation of phytic acid by FeClg from 
HCl solution: instead of using a titration method, the phytic acid solution is 
heated with a known amount of FeClg and after removal of the x)recipitate the 
excem iron is determined colorimetrically as thiocyanate. 

Similar precipitation with excess of FeCljj has been used in the present 
investigation, but the phytin has been directly determined by estimation of the 
amount of phosphorus present in the ferric phytate precipitate. 

Reagents, HCl, iV^/2 and Nli\, 

Ferric chloride (a.r.) solution in N HCl containing 0-5 mg. ferric iron per ml. 

NaOH 2% (approx.). 

Procedure. 5-10 g. of dried, finely-ground material were shaken in a small 
glass-stopperod bottle with 100 ml. Nj2 HCl for 2 hours to extract the phytic 
acid : 10 to 40 ml. of the filtercnl extract wen*, neutralised to phenolphthalein with 
NaOH, rendered slightly acid with HCl and made up to 50 ml. 

Duplicate 20 ml. aliquots were treated in 50 ml. centrifuge-tubes, with 4 ml. 
of the FeClg solution. The tubers were heated in a boiling water- bath for 15 min. 
to flocculate the precipitate of ferric phytate, cooled, centrifuged and the . 
supernatant liquid poured off. The precipitate was washed wdth 5 ml. JV'/6 HCl, 
centrifuged again and the acid decanted. 

The precipitate was then stirred up with 2 ml. distilled wator and heated in a 
boiling w^ater-bath for a few minutes. 2 ml. of 2 % NaOH were then added, and 
the heating continued for a further 15 min. The solution containing the j)hvtin as-^ 
sodium phytate was filten^d into a Kjeldahl flask, the precipitated ferric hydroxide 
w as well w’^aslu'd with hot water and the washings were added to the filtrate in 
the flask. 

1 ml. of cone. HgSO^ and 1 ml. of 65% HCIU4 (a.r.) were added, and the 
mixture incineratt*d very gently until completely digested. It was then heated 
strongly for 60 min. to drive off any residual HCIO4 . When cool, about 20 ml. of 
water were added and the contents of the flask just neutralised to phenolphtha- 
lein with 40% NaOH. The solution was then made up to 100 ml. An aliquot 
of 5 or 10 ml. was taken in a test-tube and the volume made up to 10 ml. in 
every case. A blank solution containing 1 ml. cone. H2SO4 almost neutralised 
with 40% NaOH and made up to 100 ml. was used for the dilution. Standards* 
containing 0*025, 0*05, 0*10 and 0*20 mg. of P w^ere prepared by diluting 0-25, 
0*50, 1*0 and 2*0 ml. of a standard solution (containing 01 mg. of P per ml.) to 
10 ml. with the blank solution. The subsequent procedure was exactly as 
described by Briggs [1922]. 

Variom steps in the knethod have been tested as follows: 

(a) Preliminary experimonts were carried out on a 0*1%, solution of rommercial phytin in 
w ^72 Hd in order to determine whether slight variations in the pu of the solution affected the 
amount of ferric phytate precipitated, and to ensure that the presence of inorganic P did not 
increase the apparent phytin-P of the solution. 

10-ml samples of the standard phytin solution were treated exactly as described above, but 
the Ph which the ferric phytate was precipitated varied from very faintly acid to the acidity 
of the solution usually employed (iV/S). Aliquots of the phytin solution were similarly treated 
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in the presence of an approximately equal amount of inorganic P. All the results agreed to 
within 2%y indicating that phytin was quantitatively precipitated at all the degrees of acidity 
tested whilst the inorganic I* remained in solution. 

(6) The phytin-P in the phytin solution, determined as described above, was 1 9 0 mg. per 
100 ml. The phytin-P calculated as the difference between the total and the inorganic P was 
20*3 mg. per 100 ml. showing a recovery of 94%. Since commercial phytin is not ptire and may 
well contain traces of other phosphorus-containing substances, this result w’as regarded as satis- 
factory. 

(c) In order to determine whether all the phytin was extracted in 2 hours and to study the 
effect of varying the amounts of extracted material in relation to the volume of acid used, four 
samples of oatmeal, two of 5 g. and two of 10 g.. were shaken with 100 ml. NI2 HOI for 2 hours. 
One of the 6 g. samples and one of the 10 g. samples were filtered immediatelj^ whilst the other 
two wore left soaking in the acid overnight and then shaken for a further 2 hours before being 
filtered. The phytin-P t)f each extract was determined in duplicate as already described. The 
result/8 are shown in Table T. Th(^y indicate that the extraction of phytin was complete after 
2 hours, and that the whole of the phytin was extracted by 100 ml. of acid whether 5g. or 10 g. 
of dried material were used. 

Table T. Effect of different methods of extraction on the phytin-P conieM 

of oatineal. 

Phytin-P 
mg. per 

100 g. 


10 g. oatineal extracted 2 hours with 100 ml. Nj*! HOI 223 

10 g. „ 20 „ 229 

T) g. „ 2 „ „ 229 

g. „ 20 „ „ 224 


Determination of total P. 0*2 g. of dried ground material wan incinerated with 
H2SO4-HCIO4, the mixture neutralised, washed out and analysed for P as already 
described. 

The phytin content of foods. 

Each food to be analysed was purchased from 3 or more different shojis iu 
order to obtain an average^ sample. The mixed material was dried at 100^ and 
ground as finely as possible. The analytical results in Table 11, in agreement 
with previous analyses, show that phytin is a characteristic and abundant con- 
stituent of whole cereals and grains and of foodstuffs prepared therefrom, in 
some cases 40-50 % of the total P being present in this form. Removal of the 
husk and genn considerably reduces the total and relative amounts of phytin-P. 
Thus, wholemeal flour contaiiu'd nearly half its total P as phjd-in-P, whilst 
white flour contained very much less. It should be noted however that in spite 
of its high content of phytin-P wholemeal flour still contained almost twice as 
much non-phytin- or ‘‘available'' P as white flour. 

All legumes investigated contained phytin-P, which in dried pulses ranged 
between 38 and 50 % of the total. Fresh legumes, on the other hand, whether 
raw or cooked, contained considerably less of their total P in this form (5—20 %). 
The reason for this difference is not apparent, but it must be remembered that 
dried butter beans, blue peas etc. are stiU alive, and that metabolic changes may 
have taken place within them during storage. Tinned peas are cooked while 
fresh, and it is to be expected that these will contain about the same amount of 
phytin-P as fresh peas. 

Phytin was present in carrots and parsnips, whilst turnips, swedes and onions 
contained none. Potatoes and Jerusalem artichokes contained about 20% of 
their total P as phytin-P. 



PHYTIN 


2607 


Table II. Phytin content of foods. 


Edible portions only have been analysed. The results have been expressed on a fresh weight basis. 



Total 

T^hytin- 



Pmi?. 

Pmg. 

Phytin- 

Pas«o 


per 

per 

Food 100 g. 

Cereals, wlieat and wheat products : 

llK)g. 

total P 

Whole wheat 

361 

168 

46-4 

Wholemeal flour 

355 

166 

46*8 

White flour 

102 

15 

14*7 

Wholemeal bread 

237 

87 

36-5 

Hovis bread 

211 

90 

42-5 

Turog bread 

127 

35 

27-6 

Brown bread — ^mixc»d 

198 

82 

41-5 

samide 

White bread 

59 

3 

51 

GVapi‘ Nuts 

255 

86 

337 

Shredded W'hcat 

173 

79 

453 

Post Toasties 

60 

8 

160 

Vitaw'heat 

340 

140 

41-2 

Digestive biscuits 

134 

40 

300 

Rusks 

81 

9 

11-0 

Other cereals : 

yiiice, unyxdished 

350 

240 

6H-5 

Rice, polished 

99 

41 

41*5 

Whole oats, including 

350 

182 

520 

husk 

Rolled oats 

339 

224 

66-0 

Heoteh oatmeal 

380 

160 

42-0 

vWhole barl<‘v, includiiic 

: 335 

211 

630 

husk 

Pearl barley 

354 

78 

22-0 

JVlaize (yoIl(iv\ ) 

363 

210 

58-0 

Millet, whole 

350 

191 

55*5 

Tapioca 

42 

0 

0 

Sago 

38 

19 

60-0 

Ryvita 

336 

KM) 

29-7 

Swedish hard bread 

360 

90 

250 

Cocoa end chocolate: 

Cocoa 

675 

162 

240 

Plain chocolate 

139 

82 

58-5 

Milk chocolate 

215 

38 

176 


Nuta: 

Total 

P mg. 
per 
100 g. 

Phytin- 
P mg. 
per 
100 g. 

Phytin 
Paa% 
total P 

Almonds (shelled) 

442 

188 

42-5 

Barcelona nuts (shelled) 

299 

113 

37-8 

Brazil nuts „ 

592 

133 

22-4 

Chestnuts „ 

74 

9 

12-2 

Cobnuts 

229 

104 

45-5 

Coconuts 

94 

41 

44-0 

Peanuts „ 

365 

210 

57*5 

W^alnuts 

510 

120 

23-5 

Ijegumes: 

Beans, baked, t inned 

184 

27 

14-6 

Beans, broad, boiled 

108 

5-4 

5-0 

Beans, butter, raw * 

318 

147 

46-3 

Jieans, Haricot, raw* 

309 

154 

.M)-0 

Lentils, raw’* 

243 

93 \ 

38-3 

^eas, fresh, raw' 

105 

11 

W>8 

Peas, hints raw* 

303 

150 

49-5 

Peas, split, raw^* 

268 

124 

46-3 

Peas, tinned 

168 

29 

17-:) 

Root, leaf and stem vegetables : 
Carrots, raw 25^9 

3-3 

15-8 

J*arsnips, raw 

Potatoes, old, boiled 

69-0 

21-0 

31-4 

310 

6-0 

19-3 

Potatoes, new% boiled 

35-7 

8-2 

23-0 

Jenisalern artichokes, 

37*0 

9-2 

26-0 

lioilcd 

Onions, raw 

30-0 

0 

0 

Swedes, raw’ 

190 

0 

0 

Turnips, raw' 

27-5 

0 

0 

Cauliflower, lx)iled 

35-7 

0 

0 

Spinach, boiled 

98-0 

0 

0 

Mushrt>oms, raw 

136-5 

0 

0 

Celery, raw 

31-7 

t) 

0 

Fruit : 

Apples 

8-5 

0 

0 

Bananas 

28-1 

0 

0 

Blackbemes 

25-9 

4-2 

16-2 

Figs, dried* 

91-5 

11-9 

13-0 

Prunes* 

83-0 

0 

0 


* The results of these “dried” foods have been expressed on a purchased weight basis. 


As reported by Averill and King [1926] phytin was found to be present in 
nuts, and in peanuts, cobnuts, almonds and coconuts about half the total P was 
present in tWs form. Cocoa and chocolate also contained phytin, 24% of the 
total P in cocoa occurring as this compound. 

Green-leaf and stem vegetables contained no phytin and none was found in 
mushrooms. It was entirely absent from the pulp of fruit, whether fresh or dried, 
but fruits with a large number of “edible” seeds, e.g, figs and blackl)erries, 
contained small amounts. 


The fate of ingested phytin. 

Experiments have been carried out on 4 subjects, the authors (M.) and (W.), 
a healthy woman (L.) and a boy (S.) e^ed 4J , who had been operated on for an 
inguinal hernia 6 days previously. The basal diet was not weighed but was 
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chosen to be as far as possible phytin-free, and on this diet it was ascertained 
that the faeces contained only very small amounts of phytin. W. and S. ate 
weighed amounts of Hovis bread as their sole source of phytin, and samples were 
set aside daily for analysis. M. ate Hovis bread and blackberries, and L. took 
2 g. of phytin (Messrs Ciba, Ltd.) daily in divided doses. The three adults con- 
sumed almost exactly the same amount of phytin on each day of their experiment, 
but the boy’s intake was rather more variable. After a fore period of 2~3 days, 
faeces wert^ collected in 2-, 3- or 4-day periods, well mixed, and duplicate ali- 
quots of 50 to 100 g. taken. The latter were dried at lOO'", ground up in a 
mortar and analysed for total P and phytin-P as already described. 

The results are given in Table III. 


Table III. The excretion of ingeMed phytin. 


M. 

Period 1 (2 days) 

Average daily 
intake 
phytin-P 
ing. 

416 

Average daily output in faeces 

^ A ^ 

Phytin-P Total P 

mg. mg. 

181 9.50 

of phytin-P 
ingested which 
was recovered 
in faeces 

43-4 

M. 

.. 2(2 „ ) 

436 

206 

975 

47-5 

M. 

3(3 „ ) 

436 

192 

860 

440 

W. 

M 1(2 ) 

330 

150 

765 

45*5 

W. 

2(3 „ ) 

336 

120 

635 

35-8 

W. 

„ 3(2 „ ) 

336 

134 

8.30 

39*8 

L. 

1(3 „ ) 

„ 2(4 .. ) 

370 

194 

765 

62*5 

L. 

370 

231 

790 

62*5 

S. 

„ 1(3 ) 

101 

25 

505 

25*0 

s. 

2(3 ) 

114 

24 

840 

214 

These experiments show that the three adults excreted 30>~63 

% of the in- 


gested phytin unchanged in the faeces. Of these, L. who took commercial 
phytin excreted the most. The child (S.) excreted a much smaller percentage, 
but this experiment, which was carried out in a children's ward, was not so 
accurate as those on the adults. A variable fraction of the phytin therefore 
proved to be absolutely unavailable in every e^se, but the fact that the re- 
mainder did not appear again in the form in which it was eaten is no proof that 
the phosphorus in it was available even to this extent, for the phytin may hav(^ 
been broken down by the intestinal flora at a level bedow that at which absorp- 
tion could take place. The total P in the faeces was far in excess of the amount 
of phytin-P ingested so this may have been the case. 

The present experiments therefore provide concrete evidence that as much as 
half the phytin-P eaten may be unavailable, but they should not be considered to 
provide any definite evidence as to the fate of the remainder. 

Dietetic importance of phytin, 

A study has recently been completed on the individual, freely-chosen diets of 
03 men and 63 women of the English middle class. By means of the figures in 
Table II the phytin-P intakes of these men and women have been calculated and 
compared with the total P in their diets. 

Table IV. Total P and phytin-P intake of men and women. 


(Results expressed as g. per day.) 



Men 

Women 


Mean of 63 

Mean of 63 

Total P 

1*61 

113 

Phytin-P 

0*04 

0*04 

Nbn-phytin-P 

1*57 

1*09 

Non-phytin-P as percentage of total P 

98 

97 
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No individual took more than 20% of his total P in the form of phytin. 
Relative amounts as high as this were the exception, and only occurred if large 
quantities of brown bread were being eaten. In most cases less than 10 % of the 
total food P was phytin-P. In this country therefore, where we live on a varied 
diet and derive most of our phosphorus from animal and not from vegetable 
sources, 80-100% of the total phosphorus eaten is in available form (average 
97*5 %). In other countries, however, where cereals, either whole or milled, con- 
stitute by far the largest portion of the diet, the total P may be a wholly incorrect 
guide to the available P intake. 

StJMMABY. 

1. A method for estimating small amounts of j)hytm is described. The 
phytin was extract(»d by HCl, precipitated as the ferric salt and the P in the 
precipitate estimated after sulphuric-perchloric acid incineration. 

2. The phytin in 64 foodstuffs has been determined. 

3. The fate of ingested phytin in the human body has been investigated in 
3 adults and a child, and it has been shown that 20-60 % is excreted unchanged 
in the faeces. 

4. Ph}din-P constitutes less than 5% of the total P of the average middle- 
class diet in this country. 

One of us (E. M. W.) is ind(‘bied to The Medical Research (.'ouneil for a part- 
time grant. 
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CCCXXI. THE POTENTIOMETRIC DETERMINA- 
TION OF POLYPEPTIDES AND AMINO-ACIDS. 
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AHV ALEXANDER LAWSON. 
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(Received October 25th, 1935.) 

During the course of work on proteolytic hydrolysis the need arose for acourato 
determinations of small quantities of amino-acids and polypeptides in mixtures. 
It appeared from the literature that two possible methods Yrere available, firstly, 
the conductimctrie titration of Widmark and Larssen [1923], and secondly, the 
colorimetric titrations employing aqueous alcohol [Willstatter and Waldschmidt- 
Leitz, 1921], or acetone [Linderstrom-Lang, 1928], and the formaldohjTie method 
[Sorensen, 1907]. 

Willstatter and Waldschmidt-Leitz recommend a first titration with alkali 
in 40% alcoholic solution followed by another in 97 % alcohol for the separate 
determination of peptides and amino-acids in mixtures. It was d(^cided to follow^ 
the course of such titrations potentiometricjally. 

For such a method to be reliable, there should be in the 40 % alcohol titration 
curve a point of inflection corresponding to the total peptide. For the accurate 
determination of this point by a (‘olorimetric method, two conditions must be 
realised. Firstly, the pjf change about this point should be of a high order, and 
secondly, the point should occur at a fixed . It has however been siiowm in this 

communication that for mixtures of leucylglycylglycine and glycine in 90 
alcohol, the peptide titrates at p^ 9*25 when 17% glycine is present, and at 
Pjj 7-5 when 92 % glycine is present. Except in limiting c^ses, the slope about the 
peptide inflection in the titration curve is small, and further with si uh limiting 
cases, the shapes of the curves show that the constitmmt present in smaller 
amount will almost certainly be missed when a colorimetric method is used. 
These considerations will appty equally well to 40 % alcohol. The accuracy of the 
second titration (in 97 % alcohol) is not however o[)en to question unless th(5 
indicator employed changes at a different from that corresponding to the 
neutralisation of the weakest acid present. 

The degree of separation of the constituents of amino-acid-peptide mixtures 
attainable by potentiometric titration will be governed by the following factors. 
Any such mixture when titrated wdth alkali will show inflections in its titration 
curve corresponding to the various acids present. In theory the titration curve 
should contain inflections for every acid present unless the differences between 
the logarithms of their dissociation constants are less than 1*2 [Auerbach and 
Smolczyk, 1924]. 

In practice however, the dissociation constants fall into several main groups 
each containing acids of very nearly equal dissociation constants. Such groups 
will appear in the titration curve as a single acid, i.e. will give rise to one inflec- 
tion. Thus glycine, alanine and leucine, having approximately equal dissociation 
constants (pj^^ 9*8 in water), will titrate together as a single acid. Similar con- 
siderations apply to simple peptides such as alanydglycine, glycylglycine, and 

( 2700 ) 
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leucylglycine 7*8), so that a mixture contaming all the above substances 
will give two inflections, one corresponding to the total peptide, and the other 
to the total — COOH of the mixture. Glutamic acid (pjca O’O and 10*3) will give 
a first inflection before the peptide, and therefoie, if also present, will be readiJy 
detected. On the other hand, histidine and asparagine, having 8-8 and 9*0 
respectively, will titrate between the peptide and the amino -acids. One could 
not expect however, on theoretical grounds to obtain inflections for each acid in 
a mixture of, for example, h^ucylglycylglycine, glycine and histidine, and this is 
shown to be the case, the glycine and jjeptide inflections alone being apparent. 
The curves of arginine and lysine, as would be expected from their high 
values, show no infletJtions whatc'ver and hencje cannot be determined by this 
method. 

In practice su(;h points of inflection, the final one excepted, do not appear 
clearly in the titration curve owing t o the buffering of the untitrated acid. In order 
to determine their exact positions it was found necessarv' to adopt a differential 
method of plotting. Curvets obtainefl by this method show peaks c?orres])onding 
to (^aeh inflection. For this nu'tliod to be successfully applied the titrant must be 
added in small iiicreiruuits and this necessitates a somc‘what high degrt^e of 
accuracy in the e.m.f. measurement, readings l)eing i-eqiiired to 0*2 mv. 


ExPERlTVIENTAn, 

Thv titration vvanel (Fig. 1) consisted of two parts connected by a ground- 
glass joint. The lower pc»rtion held about 12 nd. liquid and the substances to be 
titrated w<*re weighed directly into it on a 
micro- balarijco. The outlet from the cell w^as con- 
nected to a U-tube containing 90 alcohol. 

The titrations wen^ carried out in 90 % aque- 
ous alcohol at 25', using a hydrogen electrode, 
and to obtain satisfactory results it was found 
necessary to w^ash the hydrogen with a 90% 
alcohol- water mixture before passing it into 
the titration vessel, and to [)avss it through the 
NaOH solution before each titration to remove 
traces of dissolved oxygen. This second pre- 
caution enabled the (*lectrodes to reach equi- 
librium in 1~2 min. as companxl with 5-10 min. 
with uiitniated sodium hydroxide. It was found 
advantageous to employ small electrodes con- 
sisting of 1-F5cm. of platinum wire as these 
came to equilibrium more quickly than the 
larger plate tyj>e. Various methods of plating were tried but the electrodes in 
all cases became; rapidly poisoned, becoming useless after about three titrations 
and sometimes failing after two. Thus to rmsure satisfactory results each 
electrode was used once only. Platinised, gold-plated e!ectrod^^s were em- 
ployed as thej’^ came to equilibrium rapidly and w€'re easily stri])ped of black. 
The electrodes were prepared by gold plating from a solution of gold hydroxide 
in potassium cyanide (prepared accor^ng to the instructions of Clark), using 
a current of 2 mA, for 6 min., this being followed by platinising from a 3 % solu- 
tion of chloroplatinic acid containing a trace of lead acetate till the electrode 
was just covered with black. Electrodes of this type gave e.m.f.'s in water which 
were usually identical and never more than 0*2 m v. apart, but in alcohol they were 
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usually 1-2 mv. apart and remained so during the whole of a titration. The con- 
tact between the bridge solution (saturated aqueous potassium chloride) and the 
titration vessel was made in a cotton- wool plug in the side arm of the half cell, 
which consisted of a silver-silver chloride electrode in saturated potassium 
chloride solution. The cotton- wool plug was renewed after each titration. The 
sodium hydroxide was added in increments of 0*02-0*05 ml. depending on the 
total titre. From the values of e.m.f. and ml. sodium hydroxide iidded the 
differential curves were constructed as follows; If the e.m.f. recorded was A'j , 
etc. corresponding to iVj , No , N .^ , ml. of sodium hydroxide added, 
then the slope of the curv<‘ at the |)oint Ao was taken to be — — 

and that at the point N^ as (E^ — E 2 )!(N^--N*^). The potentiometer was a Fye 
standard slide wire instrument graduated to 0*2 mv. incorporated in a ballistic 
type of valve potentiometer of similar design to that of Morton [1931], but 
employing a Marconi receiving valve, type HL2. A Tinsl(‘y portabh' galvanometer 
of the damped typo was employed, the apparatus being sensitive to 0-1 mv. 


Results. 


The alcoholic .sodium hydroxide was standardised against a.r. glycine in the 
apparatus. 

All amounts are expn^ssed as g. mol. x 10®. 

Titration of Iu8ti<ime hydrochloride. 

(Fig. 2 A) NaOH, (h(K')2;jiV ; 25-8 histidine hydrochloride present. 

Found; Jst jieak (HCl) 


2iid {leak (Ht'i c histidine) 

Mixtures of gjyeiiie and leui'ylglycylglycine. 

IjOueylgJyeylglyiine 


25J 
5 10 


Total (^OOH 


(Fig.2B), 
(Vigr2C) 
(Fig. 21)) 


Exp. 

1 

2 

T) 


(''om*. of 
NaOH 
0-0420.V 
0-0.52:LV 
0*042;LV 


(riyeiiic 

actual 

19-8 

59-U 

50-4 


Actual 

97*1 

45’r)5 

44)1 


Found 

99-fi 

4f)*0 

44)5 


Actual 

H()*9 

114-55 

55-0 


Found 

IKUi 

105-1 

.55-4 


Mixture of glutamic acid and Icucylglycylglycine. 

(Fig. 2E) NaOH, 0-0523 .Y, actual amounts were'>: lein-ylglycylgljcuie, 20-2; glutamic acid, 
^**^^* Actual Found 

27-65 
47-85 
75-50 


Found: Ist peak (glutamic acid) 

2nd peak (glutamic acid c peptide) 
3rd p<'ak (total — COOH) 


26-15 

47-10 

75-90 


Mixture of histidine hydrochloride, glycine and leucylglycylglycine. 

(Fig. 2F) NaOH, 0-0523 actual amounts were: leucylglycylglycine, 25-3; glycine, 58-0; 
histidine hydrochloride, 38-7. Actual Found 

Found: 1st peak (HCl) 38-7 38-7 

2nd t)oak (HCl 4 peptide) 64-0 62-8 

3rd peak (total —COOH) 160‘7 162-0 

Histidine gave no observable inflection at the theoretical point, //, on the curve. 


SUMMABY. 

1 . The titration of mixtures of amino-acids and polypeptides representative 
of types to be expected in protein hydrolysates is carried out in 90 % aqueous 
alcohol. 
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2. The degree of separation which can be attained in such mixtures is dis- 
cussed. 

3. The of the end-point for such pe})tides as leucylglycylglycine in 
mixtures with an amino-acid such as gly(*iiie lias been shown to vary over a 
range of nearly two units depending on the proportions of the constituents. 
Thus any colorimetric titration bc^comes unreliable and must be replaced by 
])oteutiometric titration, for which a special method of differential plotting is 
described, this method being specially st^rvic^eable in the determination of 
mixtures. 

We are grateful to Imperial Ohomical Industries Ltd. for a grant, and to 
the Department of Scientific and Industrial Ri^searcdi for a maintenance grant 
awarded to one of us (E. W. B.). 
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CCCXXII. THE APPLICATION TO URINE OF 
TOLLENS’S NAPHTHORESORCINOL TEST 
FOR CONJUGATED GLUCURONIDES. 

By HAROLD BERNARD SALT. 

From the Clinical Laboratory, Droitwich Spa. 

(Received October 2Srd, 193o.) 

It is well known that the administration of certain drugs, notably those con- 
taining an actual or potential hydroxyl group, results in an incniase in the 
quantity of glucuronic acid excrett^d in the, urine. The increase^ is due to the forma- 
tion of a conjugated compound of the drug and glucuronic acid and represents a 
process of detoxication which is attributed to the liver. Quick [1927] pointed out 
that we had no direct evidence that the liver is the organ respon.sible for this 
detoxication but proof has now been furnished by Hemingway et al. [1934]. 
When the liver is seriously disordered, its failun^ to eliminate such drugs as 
conjugation compounds has be(^n made the basis of a test for the detoxieatory 
efficiency of the liver [Beaumont and Dodds, 1931]. The liver test involves the 
application of Tollcns's naphthoresoreinol reaction to iirinc^ and many variations 
of this have been described in the literature. Tollens's n^action (‘onsists essentially 
in heating glucuronic a(*id or a conjugaU^d gJueuronide with naphthor(‘Sor(*inol 
and hydrochloric acid, a blue substance Iwung formed giving a blue-violet solution 
in ether. 

Discussion of 7'ollenss reaction applied to urine. The test, when applied 
directly to urine, has bcjen found by many to be unsatisfactory owing to the 
presence of inU^rfering substances. The writer has invariably found a deep red 
(jolour, masking any blue or violet, when testing many urinc^ samples. In order 
to remove the interfering substances, different methods of preliminary treatment 
of the urine have been proposed. 

The use of mercuric acetate dc*scribed by Roger [191(>J does not remove glu- 
cose, the presence of which may inhibit the test | Brule ct aL, 1925; Roger, 191bJ. 
Hence, tliis method is not applicable to glycosuric urine. Furthermore, when 
used by the writo, even with urine collected after ingestion of aspirin and free 
from sugar, a most unsatisfactory red colour was always obtained, making any 
interpretation impossible. 

The urine test described by Beaumont and Dodds 1 1931 1 has b(‘(ui found to be 
quite unsatisfactory. According to Tolleiis [1914], the addition of basic lead 
acetate to urine results in complete precipitation of conjugated glucuronides, a 
fact confirmed by present experiments. It is therefore useless to test the filtrate 
for the presence of such. Like the mercuric acetate filtrate, the basic lead acetate 
pn!>cipitat6 yielded an unsatisfactory red colour when ToUems’s test was applied 
to it. Precipitation of urine with zinc acetate and testing both filtrate and 
precipitate also failed to give a satisfactory test. 

Attention was then turned to methods of ether extraction as recommended 
by Neuberg and Schewket [1912]. However, using urine collected after ingestion 
of aspirin, the conjugated compound was found to be insoluble in ether. This was 
oonfimed by extracting ‘‘aspirin urine*’ with ether in a Clausen extractor as 
described by Quick [1924], The ether extract gave a negative Tollens’s test 
(colourless). 
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It may be mentioned hero that throughout this work aspirin has been used 
exclusively as a glucuronogenic drug. The conjugated compound found in the 
urine is perhaps an unusual one, as Quick [1932] has obtained evidence that 
salicylic acid undergoes double conjugation with glucuronic acid, there being 
formed one glucoside linkage and one ester linkage. 

A new method of treatment was then sought. The principle was suggested by 
the method of separating glucuronic aeidraonobenzoate described by Quick [1926]. 
The inte*rfering substances are first removed from urine by precipitating with lead 
acetate in slightly acid solution and centrifuging. The glucuronic acid compound 
is then (iompletely separated from the supernatant fluid by neutralising and 
precipitating with basic lead acetate. Tollens’s reaction is applied to the basic 
lead acetate precipitate. 

By this method glucose is separated, as it is not precipitated by basic lead 
acetate. Pentoses cannot interfere*, as even if precipitated with the glucuronic 
acid compound, the colour which they give with naphthoresorcinol is insoluble in 
ether [Tollens, 1914]. The final extraction with ether yields a blue- violet colour, 
the depth of wliich is roughly proportional to the amount of glucuronic acid 
present. The replacement of ether by chloroform or benzene suggested by 
Neuberg and Saneyoshi [1912] was found to be unsatisfactory. 

The actual technique now recommended for the urine test was d('veIoped 
from the following results, applying Tollens \s reaction to the different fractions of 
urine collected for 12 hours after aspirin ingestion. 


Table I. 

Teat fraction 


Urine untreated 

Urine plus excess lead acetate 

Urine plus excess basic lead acetate 

Urine plus just sufficient lead acetate 

Supernatant from above (*) plus excess 
basic lead acetate 


Precipitate 

Supernatant 

I^ccipitate 

Supernatant 

Precipitate 

Supernatant (*) 

Precipitate 

Supernatant 


Result of test 
]>eop rod 
Pale violet 
Deep red 
T>eep red 
Pale rod 
Colourless 
Deep red 
D<*ep violet 
Rod -brown 


It is seen that both untreated urine and the basic lead acetate precipitate 
from urine fail to give a satisfactory test. An excess of load acetate precipitates 
a little ghicuronide, but just sufficient lead acetate avoids this and removes 
certain interfering substances. The supernatant fluid from this first lead treat- 
ment still contains interfering substances, but treatment with basic lead acetate 
yields a precipitate containing all the glucuronide and giving a satisfactory 
colour test, whilst the interfering substances remain in the supernatant. 

A similar series of results was obtained when 5 % glucose was added to the 
urine, except that the last supernatant yielded a deeper red-brown colour. 


The technique of the urine test. 
tSoltUions required: 

33 % acetic acid. 

5 % lead acetate. 

Approximately N sodium hydroxide. 

10 % basic lead acetate prepared by heating 20 g. tribasic lead acetate with 
200 mb water to boiling. After boiling and stirring for a few minutes, the 
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solution is allowed to cool and then filtered. A large amount of insoluble matter 
is discarded. 

Hydrochloric acid, 50 % by volume. 

1 % pure naphthoresorcinol in absolute alcohol. 

Procedure. The urine is mixed and rendered slightly acirl with acetic acid. 
A 5 ml. portion is pipetted into each of four 10 ml. capacity centrifuge -tubes. To 
the tubes respectively, 0-25, 0*5, 0*75 and 1*0 ml. lead acetate arc added, the con- 
tents mixed and centrifuged. To each, one drop lead acetate is add(‘d and the 
tube selected in which precipitation is se('n to be just complete. If no tube is 
completely precipitated, a further 1*0 ml. lead acetate is added to each and the 
procedure rept'ated. Complete precipitation is thus effected but an appreciable 
excess of lead acetate is avoided. In some cases it may be necessary to add a 
further 1*0 ml. load acetate to each and to repeat the procedure again. 

The su})ernatant fluid is poured from the selected tube into anotluT centrifuge- 
tube and sodium hydroxide added dropwise until the first }x^rmanent pre- 
cipitate of lead hydroxide is observed. Then 3*0 ml. basic lead acetate are added, 
tlio conU^nts mixed and centrifuged. To ensure complete precipitation, one 
drop more of the reagent is added and if necessary a further quantity of basic 
lead acetate is added and the process is repeak^d until an excess is present 
and precipitation is complete. The supt^rnatant fluid is poured away and the 
deposit washed on the centrifuge by thoroughly stirring with 5 ml. water and 
separating. 

The precipitate^ is transferred to a large test-tube using two 5 ml. portions 
of dilute hydrochloric acid (1:1) from a pipette. 0*5 ml. naphthoresorcinol 
solution is added and mixed. The tul>e is heated in boiling wakr for 5 min., 
then cooled in running water, 10 ml. ether are added, well shaken and allowed 
to separate. The ether layer is removed to a clean test-tube and examined 
by transmitted white light. The colour of the ether solution is noted at once, 
as the colour fades on standing. 

ResuUs of the test applied to urine. 

Th(» test described was api)lied to a number of urine specimims and the 
results are summarised in Table II. 

Table IL 

No. <»f 

specimens Result 

Normal urine 10 Faint pink to pale violet 

Urine after aspirin ingestion 7 Pale violet to deep violet 

Blank with reagents — Colourless 

It was found that the drug is almost wholly eliminated by normal persons in 
12 hours after administration. 

Attempts were then made to apply the test quantitatively. For this purpose 
calcium gluouronate was prepared by the method of Kiliani [ 1921] and 0-1098 g. 
dissolved in 100 ml. water, so that 1 ml. contained 1 mg. glucuronic acid. 
Aliquot portions of this solution were heated with naphthoresorcinol and 
hydrochloric acid to determine the limit of sensitivity of the test and the colour 
proportionality. 

When read in the colorimeter, exact proportionality was not found, though 
the colour intensity was roughly proportional to the amount of glucuronic acid 
present. 
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Table III. 


Glucuronic acid 
mg. 

2*0 

1-0 

or> 

01 


Colour produced 

Very deep blue 
Deep blue 
Pale blue 
Colourless 


Abquot portions of the calcium f?lucuronate solution were then add(^ to 
5 ml. portions of normal urine and the complete test including double lead 
precipitation carried out. 

Table IV. 

Glucuronic acid 
added to 5 ml. urine 

mg. Colour produced 

10 Deep violet 

0-75 Violet 

0*5 Very pale violet 

0-25 Brownish 

Nil Faint pink 


rt is seen that tht> test is sensitive to (>'5 mg. glucuronic acid present in 5 ml. 
urine. The colours did not match well with those obtained from a solution of pure 
calcium glucuronate. This, togeth<T with the lack of true colour proj)ortionality 
and the unavoidable errors involved in ether extraction, rendered attempts at a 
quantitative method unprofitable*. However, an estimate of the amount of 
glucuronic acid present in a sample of urine may be made by testing different 
decreasing amounts of urine until the quantity which just gives a positive* 
test is determined: this quantity of urine will contain about 0*5 mg. glucuronic 
acid. 

It is suggested that tliis test applied to 24-hourly urine specimens would 
ykild an index of the excretion of naturally formed phenolic toxic substances. 
Obviously all drugs capable of conjugating with glucuronic acid must be (*limi- 
nated at the time of the test. The reaction would then indicate the extent of 
excretion of conjugated compounds of j)henol, cresoi, indole and skatole and might 
therefore suggest the extent of absorption of intestinal putrefaction products of 
this nature, provided that the liver were not seriously disordered. A number of 
24-hourly normal specimens have been tested and found to give negative or only 
faintly positive results, using 5 ml. tc\st portions. 


The test for the detoxicaiory ejficiency of the liver. 

The principle of the test is the detection of an increase in the amount of con- 
jugated glucuronide excreted after the administration of some toxic drug. Many 
drugs have been used by various workers, e,g, aspirin, sodium salicylate, naph- 
thol, chloral hydrate or camphor by the mouth, or camphor in olive oil injected. 
Of these asj)irin was chosen, as its use is attended with least ill effects. It was 
found to be (piite satisfactory in producing an increase in glucuronide excretion 
in normal subjects. A dose of 15 grains by the mouth was used. 

Urine is collected during the day for 12 hours before the aspirin is given and 
preserved with a little toluene. The drug is then administered and a further 
12 hours’ urine collected during the night. The volumes are noted and the 
naphthoresorcinol test is carried out simultaneously on the two specimens. If the 
liver has responded to the drug, a much more intense violet colour will be given 
by the second urine specimen than by the first. 
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It hae been stated by Brule et al. [1 925] tliat the presence of virotropin in the 
urine inhibits the reaction. Thus all other drugs should be cxcludwl during the 
test. 

Much evidence has prtiviously been put forward that a seriously disordered 
liver fails to carry out its detoxicating function by ennjugating toxic 8ubstanee.s 
with glucuronic acid. However, it appears that the naphihoresoreinol test has 
hitherto been not altogether reliable. It is suggested thend'ore that the liver test 
should be re-investigated in cases of liver disease, esjx'cially siiuse recent experi- 
ments have definitely shown that the liver is resixjnsiblc for such detoxicatory 
reactions. 

Liver test results obtained from several normal subjects by the method 
deseribod have shown a prompt and definite increase in the urinarj’ glucuronic; 
acid, following aspirin ingestion. 

StlMMAEY. 

Methods are discussed for the application to urine of Tollens’s naphtho- 
rt'soreinol test for conjugated gluenronides. An improvt'd teehni(]ue for the urine 
test is described. It is snggeste<l that the test might Ice used to indicate increased 
absorption of intestinal putrefaedion products. ITsing aspirin as a glucuronogenio 
drug, a method (»f testing th<' detoxicatory (>ffieiency of the liver is given. 


KEFKRE.NCKS. 

Hoaumorii and Dodds (I9JD). Kw*nt advances in niediciue, 6ih ednum. p. 154. 

(d. and A. (’hurchill, J-Aindoii.) 

Brule, Darban and Amer (1925). ('hnn, Zentr. 11, 1975, 

Hemingway, Pryde and Williams (1934), limhan. J. 28, 136. 

Kihani (1921). Bt*r. druhrh. chan, Ge-s. 64, 456. 

Xculierg and Saiieyoshi (1912). Z. trr, di uMi, Znch’nnd. 11, 570. 

and ScheukVt (1912). BMem, Z, 44, 502. 

Duitik (1924). «/. Biol, Chrm. 61, 667. 

(1926). J. Biol ('hem, 69 , 549. 

(1927). Biol ('hem, 74, 331. 

(1932). J. Htol Ghem, 97, 403. 

Koger(1916). Bns^e 217, 

Tollcns (1914). Handhuch tier Kohlenhydratc. 3rd edition. (Leipzig.) 



CCCXXIIL THE DETERMINATION OF GLUTA- 
MINE IN THE PRESENCE OF ASPARAGINE.^ 

By HUBERT BRADFORD VICKERY, GEOROE WALTER PUCHER 
AND HAROLD EUGENE CLARK ^ 

(Connecticut Agricultural Experiment StcUion, New Haven, Connecticut), 

AND ALBERT CHARLES CHI BN ALL and ROLAND GORDON WESTALL 

(Biochemical Depa^imenf, Imperial College of Science and Technology, 

South Kensington), 

(Heceiced October 26tk, 1935.) 

^AxTHoroH glutamiiH* has been known for many years to be a constituent of 
ceitain plant tissues [Schulzt^ and Hosshard, 1883], no method whereby this 
substance can be s(‘parately distinguished from asparagine and determined with 
accuracy has appeared until recently. Glutamine has indeed frequently been 
isolated but its properties are such that isolation has only qualitative significance. 
Chibnall and Westall f 1932] not('d that the amide group of glutamine is extensively 
hydrolysed by heating at 100" for 3 hours atpj| 8, whereas asparagine is scarcely 
affected by this treatment. Accordingly they suggeste^d that the glutamine 
content of a plant tissue extract might l)C‘ (‘stimated with an error of about 10 % 
if the increase in ammonia, on hydrolysis of tin* extract at 8, were multiplied 
by a factor (14) derived from the results of experiments on the pure substance. 
They further observed diminution of the amino-N, during such hydrolysis of 
glutamine, at a rate parallel with the production of ammonia: this fall in the 
amino-N of a plant tissue extract, under the conditions of hydrolysis mentioned, 
provides valuable additional evidence of the presence of glutamine and dis- 
tinguishes the latter from other substances, especially urea and allantoin, which 
likewise give rise to ammonia on mild hydrolysis. 

Recent experience with Chibnall and WostalFs method in the Connecticut 
Agricultural Ex|)eriment Station laboratory indicjated that the accuracy could 
be appreciably improved by certain modifications in the technique, and in 
particular, in the reaction chosen for the hydrolysis. Chibnall and Westall 
found that glutamine is apparently very littlt? hydrolysed at 6 and 7 ; the 
observations at New Haven, on the contrary, showed it to be completely 
hydrolysed at these reactions. A joint study in the two laboratories of the factors 
involved revealed the presence of a systematic error in the method used by 
Chibnall and Westall to determine the ammonia produc^ed by hydrolysis at these 
particular reactions. They had employed phosphate buffers at p^ 6 and 7 and 
had subsequcmtly determined ammonia by distillation in vacuo with excess of 
magnesium oxide. Under these conditions insoluble magnesium ammonium 
phosphate may form, which is not completely decomposed during distillation 
at 40'^. We have since found that Kostychev [1931] has drawm attention to the 
possibility of this source of error in the determination of ammonia. 

The extreme scarcity of glutamine at the time of Chibnall and Westall’s 
experiments prevented the thorough investigation of the stability of glutamine 

^ A part of the expense of this investigation was borne bytheCarnegic InstitiitionofWaslungtoiGu 

* National Kesearch Council Fellow. 
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at various reactions which would have revealed this difficulty. Recently however 
an improved method of isolation [Vickery et al., 1935] has permitted rednvestiga- 
tion of the stability of glutamine in both the New Haven and the South 
Kensington laboratories with a view to improving the method of its deter- 
mination in plant tissues. The results are embodied in the present paper. 

The stability of glutamine. 

The fundamental operation upon which all de^termi nations of amides depend 
is the estimation of ammonia. Some of the^ difficulties that beset this deter- 
mination have l)(*en discussed by Pucher et al. [1935]. Their procedure (modified 
from Boussingault [1850]) was employed for the following determinations. 

Effect of pjf, A specimen of glutamine containing 18*94% N was emyiloyed. 
Of this 0*1056 g. was dissolved in water and dilutini to 2fX) ml.; 5 ml. tluTeforc 
containc^d 0*25 mg. of arnide-N. The solution was unc*lianged in amide-N after 
5 days at 0". Aliquots of 5 ml. were mix(5d with 10 ml. of an appropriates buffer 
solution in 25 x 2<X) mm. test-tubes which were closed by rubber stoppers 
(jarrying a short length of fintJ-bor(‘ capillary tubing. At reactions of 7 or 
higher a small bulb trap charged with 3 ml. of OT N HCl was attached to the 
capillary to provide agaitist loss of ammonia. The test-tubes wen^ placc^d in a 
boiling water-batli for 2 or 3 liours and were then kept in cold water until 
analysiHl (not over 3 hours). The buffer solutions used were mixtures of 0*05 M 
succinic acid and 0*05 Jf borax for the range 3 to 5, and 0*1 31 potassium 
dihydrogen phosphate and 0*05 31 lK>rax for the range p^i 6 to 9 [Kolthoff, 1926]. 
The individual mixtures were checked by the qiiinhydrone electrode at room 
tcunperature (22 to 24"), and wore all within 0*05 unit of the n^quired p^* After 
being heated with glutamine as described, the reactions did not change more 
than ±0*1 pj-, unit. 

The data in Table T show that glutamine is least unstable in the region of its 
iscKdectric point, but, outside this range, is rapidly and completely hydrolysed. 
The data for pjj 3, 4 and 5 confirm the earlier figures of Chibnall and Westall. 

Table 1. Hydrolysis of glutamine at different reactions in 
buffered solutions at WO'', 

Figures are of the amide-N lil>fratiHl as ammonia. 



30 

4*0 

r>-o 

5*3 

5*5 

5*7 

6*0 

7*0 

8*0 

9*0 

2 hours’ hy<lrolysis 

3 hours’ hydrolysis 

89*8 
91 0 

77*0 

85*3 

m2 

SI 6 

73*1 

8M 

76*3 

81*2 

79*0 

89*4 

98-3t 

99*0 

98*4 

99*6 


* The av<5rage of 1 1 determinations ranging from 94 to 103. 
t The average of 6 <leterminations ranging from 96 to 101. 


Effect of temperature. 5 ml. samples of standard glutamine solution were 
heated in a water- bath at different temperatures with 10 ml. of buffer for 2 hours ; 
the tubes were cooled and Nessler's solution was added to the contents, which 

Table 11. Hydrolysis of glutamine at pjj 6*5 in 2 hours at various temperatures. 

Figures are of the amide-N liberated as ammonia. 

Hydrolysis 

% 

3*2 to 3*8 
17*0 to 19*0 
63*0 to 56*0 
98 to 100 
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were then diluted to 50 ml. and read at the spectrophotometer. Suitable controls 
with standard ammonia solution showed that this procedure was jKsrmisfeible. 
The results in Table II show that it is necessary to heat glutamine to 100® in 
order to bring about complete hydrolysis in 2 hours. 

Effect of time. The data given in the fifth (‘olumn of Table III show the time 
course of the hydrolysis of glutamine at pjj 6-5. Within the accuracy of the 
method as applied to the m(*asuremc‘nt of 0*25 mg. of NHg-N, hydrolysis is 
evidently complete in 2 hours. 

Th^ products of hydrolysis of glutamine. 

Table III shows the rate at wliich amino-N disappears when a solution of 
glutamine is heated to 100' at pj^ f>*5. 5 ml. samples of standard glutamine 
solution containing 0*5 mg. of ami<l(*-N were h(‘ated with 10 ml. of buffer for 
the stated times. The ammonia was then tlistilled off in the usual way. the 
residue was acidifu*d with 2 ml. of glacial acetic acid and diluted to 50 mi., and 
of this solution 5 ml. were used to determine amino-N in the Van Slyke rnano- 
nietric apparatus [Peters and Van Slyke, 1932]. The* values for 15 and 30 min. 
are each the average of 0 closely agreeing determinations, that for 60 min. the 
average of 4, and the rt^st are the averages of duplicates. 

Table III. The rate of hydrolysis of glutamine at 6**5 and 100'^, measured by 
the change in the a-ammo-Y as tveU as by the production of ammonia : Id) mg. 
of glutamine-N present in ea^h case, 

Trtcroasc of 


Time of 
heating 

Apjmrent 

amino-N 

Dinappoar- 
ance of 
a-aniino-N 

Ammonia-N 

ammonia- N aa 
of total 
amule-N 

Ratio 

<lecreasc in amino-N/ 
increase in ammonia -N 

min. 

mg. 

() ' 
o 

mg. 

O' 

() 

0 

0901 

— 

0 

0 



15 

0-592 

38-4 

0-145 

29-(t 

2-13 

30 

0-421 

58-2 

0-235 

47-U 

2-04 

60 

0*]51 

86-(» 

0-399 

79-8 

1-88 

90 

0051 

94-6 

0-470 

94-0 

l-Hl 

120 

0-014 

98-4 

0-492 

9S-4 

1-80 


The rate of ammonia proiluction was ascertained in a separate series of 
experiments in which the hydrolysates were tre^ated directly with Nessler's 
solution. 

Glutamine in freshly prepared solution yields fK) of its total N as nitrogen 
gas in the Van Slyke manometric apparatus in 4 min. at 22*5®. This (>bHervation 
confirms that of Chibnall and Westall who found 92% after 10 min. shaking in 
the ordinary Van Slyke amino-N apparatus and, assuming that all of the 
a-ami no -group rea(?ts in this time, indicates that aj)proximately 80%, of the 
amide group also is decomposed. The figures in (‘olumn 3 of Table III ar<’ 
calculated on the assumption that the aiiiide-N that was not hydrolysed reactiMl 
to the extent of 80 %j with nitrous acid. A ({orreciion of this magnitude was 
therefoiy applied to the apparent amiiio-N figures in order to asc^ertain the 
proportion of thcj a-amino-N that had disappeared from the system; the figures 
agree reasonably well with the proportion of the aniide-N that was hydrolysed 
(column 5). It is obvious that the hydrolysis of glutamines is accompanied hy a 
parallel loss of a-amino-N. 

A number of observations indicate, however, that the behaviour of glutamine 
aqueous solution is by no means simple. For example, a solution 
which has been stored at 0® for several days may yield only 84% or less of its 
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N in the Van Slyke apparatus although in this period no appreciable quantity 
of ammonia is liberated. Furthermore, partly hydrolysed solutions of glutamine 
invariably contain less a-amino-N than they should when this is calculated 
according to our best information regarding the behaviour of glutamine amide-N 
in the Van Slyke apparatus. Pt^rhaps when the true structure of glutamine 
has been elucidated by modern physico-chemical methods the anomalous 
behaviour of this substance in soltition may become clear. 

The ultimate product of the amide hydrolysis of glutamine is evidently a 
substance which does not fjontain amino-X. Tlie most obvious explanation is 
that hydrolysis is ac(*ornpanied by lactam formation to give pyrrolidonc- 
carl>oxylic acid. 

In ord(T to make certain that this is the case, 1 •() g. of glutamine (0*190 g. X) 
was boiled with 100 ml. of water f(»r 4 hours : the solution then contained 0*0845 g. 
of ammouia-N and 0-01 17 g. of apparent amino-N, indicating hydrolysis of 
88*9% of the amide groups an<l disappearance of 96*4% of the a-amino-groups. 
The solution was concentraUKl in vamo to 10 ml. and a droj) of silver nitrate 
solution was addi‘d; this precipitated a trac*e of brown tlocimlent material which 
was filtered off and discard(‘d. The filtrate was then evaporat<*d in a vacuum 
desiccator to 8 nil. and 1*2 g. (1 (equivalent) of silver nitrate dissolved in 2 ml. 
of water were added. Crystallisation of the silver salt began at onc(% and the 
white needles w(u*e filtered off and washed with alcohol aft(u* the solution had 
b(‘('n chilk'd for a few hours. Th(' yield was 1*281 g. or 82*3% of the theoretical, 
cal(*ulated from the amiiio-X data, or 89*1 calculated from the data for amide 
hydrolysis. The crystals contained 45*4 Ag and 5*92% X (calc. 45*7% and 
5*94% resjxH'tively), Ck^arly therefore the chi<'f products of the hydrolysis of 
gliitamin(‘ in substantially neutral solution are pyrrolidonccarboxylic acid and 
ammonia. 

The stnbUitij of at^paragine. 

Inasmuch as aspariigine is frequently pre.sent in pkint extracts togethiu’ with 
glutamine, the stability of the ftn'mer amide was also studied. The eonditions 
adopted were identical with those employed with glutamine,save that the standard 
solution of asparagiiu? (tontained 1 mg. of amide-X in the 5 ml. aliquot added to 
the butfer solution. The data in Table IV show that asparagine, like glutamine, 
is most stable in the region of its iso(‘lectric point, but that the proportion 
hydrolysed at 7 and above in 3 hours is quite appreciable. It is obviously 
inadvisable to conduct glutamine determinations in the presence of asparagine 
if th(‘ reactiem of hydrolysis is above Pn 7 : the result of the hydrolysis at 6*5 
for 2 hours shows that inteifertmce from asparagine with a glutamine deter- 
mination at this reaction is ordinarily negligible. 

Table IV. Hydrolysis of asparag me at different reactions 
m buffered solutions at ]0fT\ 

Figures are of the amide-N liberated as ammonia. 

Pij ... 4 f» 6 6*5 7 H 8*5 9 

3 hours’ hydrolysis 2*4 1*8 2*1 2 0* 6*0 Jt*0 10*3 IH-o 

♦ Hydrolysis for 2 hours. 

In order to hydrolyse the amide group of asi>aragine completely it is necessary 
to employ dilute acid. Vickery and Pucher [1931] recommentied 2^ H2SO4, 
and a hydrolysis time of 6 hours. Subsequent experience has shown these 
conditions to be unnecessarily severe. When asparagine is heated with N H2SO4 
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80*7 % of the amide-N is hydrolysed in 1 hour, 94-9 % in 2 hours and 100*2 % 
in 3 hours. Evidently therefore a 3-hour period of hydrolysis at 100® with 
N H28O4 is adequate. 

The detenwination of glutamine in solution. 

The method of determining glutamine that has been developed from the 
foregoing data depends on the observation that its amkh^ group is completely 
hydrolysed in 2 hours at 100'^' within the range pji 6 to 7, whereas the amide 
group of asparagine is very slightly affected und(»r thes(‘ conditions. Owing to 
differences of oquipm(*nt, the praotieal details of the method differ slightly in 
the two laboratorii\s. In th(' New Haven laboratory the procedure is as follows. 

A suitable aliquot of the solution (not over 5 ml.) is pi^ietted into a 
25x200 mm. tcvst-tube together with 10 ml. of buffer solution at 6*5. The 
tube is closed with a rubber stopper (‘arrying 20 cm. of 1 mm. bon^ heavy wall 
glass tubing, tlu* lower surface of the stopper and the orifice of the tube being 
})reviously moistened with a few drops of w^ater. The tube is placed in a constant- 
level boiling water- bath for exactly 2 hours and is then removed and cooled in 
cold water, a fc^w drops of w’^ater being at the same time allowed to be drawn 
down through the capillary in order to wash back any ammonia that may have 
volatilised. The conttuits of the tube are washed into the ammonia distillation 
apparatus [Puchcr ei ah. 1935] with 20 ml. of water, and the ammonia is distilled 
in vacuo at 40® after addition of 3 ml. of a reagent prepared by dissolving 5 % of 
borax in 0*5 N NaOH. The distillate is diluted, treated with 5 ml. of Nessler's 
[Koch and McMeekin, 1924] solution, made up to a volume of 50 ml. and the 
extinction coefficient determined by means of a Zeiss-Pulfrich spectrophoto- 
meter. The quantity of ammonia in the distillate is obtained from the calibration 
curve of the instrument and is corrected for the apparatus blank. 

For the determination of glutamine in plant tissue extracts a suitable aliquot, 
together with water to make' 5 ml., is placed in the test-tube together with 10 ml. 
of a phosphate-borate buffer of such reaction and molar strength as to give a 
final reaction, after the 2-hour hydrolysis, close to pjj 6*5. In many cases a 
0*1 M buffer of p^ 7*0 is satisfactory, but occasionally buffers of two or four 
times this concentration may be required. Trials are necessary in each new case. 
The hydrolysis and determination of the ammonia are conducted as described, 
and the final figure is coirected for the free ammonia of the tissue. 

The procedure employcid in the South Kensington laboratory is similar, but 
the ammonia in the distillate is normally determined by titration with standard 
acid in the usual way. 

The determination of asparagine in solution. 

The method is based on the data for the stability of asparagine already given. 
An aliquot of the solution together with sufficient water to make a total volume 
of 5 ml. is mixed with 1 ml. of 6iV H2tS04, and heated in a test-tube as described 
for 3 hours at 100°. The solution is then washed into the ammonia distillation 
fiask with 20 ml. of water; 5 ml. of 1 iV NaOH are added followed by 5 ml. of 
the alkaline borate mixture and the ammonia is distilled, determined and 
corrected for the blank in the usual way. 

This procedure, when applied to a plant tissue extract, gives the total 
amide -N together with the free ^mmonia-N of the solution. Corrections for the 
glutamine amide-N and the free ammonia-N are accordingly subtracted, and 
the difference is regarded as asparagine araide-N. It is evident that any error 
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arising from the presence of interfering substances such as urea and aliantoin 
is calculated as asparagine ; further discussion of this point is reserved, however, 
for a subsequent paper. 


The determination of glutamine and asparagine in mixtures. 

In order to calculate the glutamine and asparagine amide-N content of a 
mixture of these two substances, it is necessary only to determine the total 
amide-N after hydrolysis with N acid and the glutamine amide-N after hydro- 
lysis at pn 6-5. Data from a series of such determinations shown in Table V 
indicate that satisfactory results are obtained. 


Tabic V. Analysis of mixtures of glutamine and asparaghut. 
Figures are mg. of amide-N. 

Asparagine Glutamine Total amide 


1’aken 

lUroverrd 

Taken 

Keeovered 

Taken 

Keeovered 

C-4C 

o;{8.s 

010 

0417 

0*5(K) 

0*488 

040 

o:m4 

010 

0 4 U> 

0*500 

0*508 

040 

iXW) 

0 10 

0415 

0 5fK) 

0*500 

040 

o-:w.) 

0*!0 

0*111 



040 

0*385 

040 

0415 




Av. 0485 


Av. 0*115 


Av. 0*500 

040 

omi 

0*25 

0-24;i 

0*050 

0*644 

040 

o:^9o 

0*25 

0*252 

0*050 

0*640 

040 

0*393 

0*25 

0*249 




Av. 0*39*1 


Av. 0*248 


Av. 0^2 


The preparation of plant tissue for amide determinations. 

For the determination of the glutamine content of plant tissues it is essential 
to pre])are a representative sample in a form suitable for analysis without 
danger of partial hydrolysis of the glutamine. Four methods hold out some 
promise of success: first, extraction with cold water after eytolysis of th(‘ 
fresh tissue with ether acwrding to the method of Ohibnall [1923] ; a convenient 
technique has been described by Puchcr et aL [1035], but it has been found that 
in order to extract amides completely the residue from the hydraulic press must 
Ix^ thoroughly gi’ound in a plate-type grinding mill before being washed as they 
describe for the extraction of ammonia; furthermore it is probably desirable in 
most cases to heat the extract rapidly to to coagulate any protein, and to 
cool, make to volume and filter before aliquots are taken for analysis. A second 
method is that of grinding with sand in a mortar, the resultant pulp being 
diluted with water, rapidly heated to 80" to coagulate protcun, cooled, filtered 
and the residue extensively washed. This method is particularly advantageous 
for small samples of succulent tissue and is customarily employed in the South 
Kensington laboratory. A third method consists of freezing the tissue, properly 
protect^ against loss of water, best with carbon dioxide snow ; subsequently 
the material is rapidly thawed, the juice is expressed and the tissue is washed 
substantially as in the first method mentioned. This procedure is likewise 
applicable in general only to small quantities of tissue. Lastly, there is the 
method of drying at some suitable controlled temperature in an oven equipped 
with means to circulate air over the tissue, a method that can be applied to any 
quantity of material up to the capacity of the drying oven. 
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The choice among these methods depends on a number of factors. Among 
the more important is the qiK'stion of size of sample necessary to ensure that it 
shall be adequately representative. A few g. only of a small-leaved species may 
be sufficient; with large-leaved sjx^cios such as tobacco, much larger samples 
ai’e essential. Equipment is likewise very important; laboratories that do not 
possess a hydraulic press are necessarily restricted in their choice. In addition 
there is the question of preservation of material until the analytical operations 
can be undertaken. 

Information available at present indicates that only the first two methods, 
which imply prompt analysis of tlie fresh tissue extract, are entirely safe. The 
method of drying possi'sses so many advantages liowever and is in fact necessary 
in so many practical cases, tliat we have devoted much study to it. 

The equipment with wliich the following tevsts were (*arried out consists of 
a commercial cabinet drier with 12 trays 16 x 30 in. arrangtMl in two banks. Air 
iKS circulated at the rate of approximately 217 ft. per min. over th(i trays by a 
motor-driven fan, and heat is supplied from a gas burner protected by baffles 
in the lower part of the cabinet. The gas supply to the burner is controlled by 
a thermostat which may be adjusted to any temperature between 50 and 120^ 
and which controls within ±2'\ 

Tomato plants W(‘re disseett*d into stiuii and leaf portions, which wore 
separately cut U]) with shears into small pit^ces. Samples were withflrawn from 
each portion for extraction by the el her-(\vto lysis method and for drying. 
Determinations of ammonia-N, total amide-N, glutamines amido-N and amino-N 
were carried out immediately upon the fn*sh tissue extracts, and similar analyses 
wen* performed on aqiK'ous extracts of the dry tissue. These extra(d.s wen^ 
prepared by heating 3-5 g. at 80 with 80 ml. of water for 10 min. with constant 
stirring ; the beaker was tlien rapidly chilled, the contents transfernKl to a 100 ml. 
flask, made to voliune and e(5ntnfuged, and aliquots of the ck^ar fluid, filtered 
if necessary through a plug of glass wool, were taken for analysis. That this 
method of extraction is adecjiiate was shown by parallel determinations of free 
ammonia in samples of dry tissue and in the extracts. In 10 experiments the 
average ratio betw(‘('n extract airimonia-N and dry tissue ammonia-N was l*t)l, 
and the maximum variation in only two (jases exceeded 5 % . Such close jigree- 
ment of the free ammoaia-N values indicates that hydrolysis of glutamine 
during the preparation of the dry tissue extracts was negligible. 

Table VT shows the results of analyses of the leaf and stem tissues from thrcf^ 
separate batches of plants, drit‘d at the sp(^cified t(*mperatures, compared with 
data obtained on extracts prepared from the frtssh tissue. One batch was used 
for each experiment, collectioris being made at weekly intervals. The plants were 
grown in crocks in a greenhouse and had been heavily fertilised with ammonium 
sulphate in order to stimulate the synthesis of glutamine [Vickery ct ah, 1934]. 

It is clear that the agreement between the value.s found in the* leaf tissue 
is satisfactory; even when dried at 90'" the value in the dry ti8.sue is less than 
4 % lower than in the extracted tissue. The data for the stem tissue are somewhat 
less satisfactory, the glutamine values in the dried tissue being somewhat higher 
than in the extracts. This was not due to failure to extract completely, since 
glutamine determinations on the extracted residufis showed that less than 2 % 
of the glutamine originally present remained uiiextracted. In general it may be 
concluded that the differences between the glutamine values in extracts and in 
dried tissue are within the analytical variations to be expected of the method, 
and it is clear that, if the drying be carried out in the vicinity of 80"^ under 
profier conditions, satisfactory determinations of glutamine may be secured. 
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Tables VI, Comparison of the composition of tomato leaves and stems as deiermined 
from analyses of fresh fisstte extracts and of tissue dried at various temperatures. 

Thm3 bafcolifs of pia/itB collertod at weekly inter vals, one for each temperature. 

Fi^jurea not oilicrwise designated are g. in 1(K)0 g. of fresh tissur'. 


Temperature (® 0.) 


Leaves Stems 



Fret' ainmorna-K 

0-210 

0-237 

0 134 

0-164 

Awparagine arnitle-X 

0-075 

0*084 

onto 

0-120 

Glutamino amide-N 

0-353 

0-347 

o:j66 

0-356 

Aniiuo-N 

0-984 

1-14 

0-911 

0-936 

AminO'K after hydrolysis 

0-351 

0-460 

0-299 

0 335 

at pn 6*i> 





Ratio: det'imse amino X/ 

1-79 

1-95 

1-67 

1-69 

glutamine araide*N 





Soluble X 

1-91 

2-54 

1-79 

2-25 

Insoluble X 

4 32 

4-12 

4 33 

4-08 

Time of drvin;^ (hours) 

1 


1 


Ratio : glutamine amidc-N of 0-982 

0-972 


dried/gliitarnine aniide-N of 
extracted samph* 


0-22S 

0-232 

0-248 

0-260 

0-168 

0-218 

0-192 

0-199 

0-109 

0-105 

0-151 

0-148 

0-120 

0-108 

0-319 

0-293 

0-394 

0-380 

0-651 

0-692 

0-664 

0 714 

0-934 

0-846 

MO 

1-06 

1-65 

1-44 

1-51 

1-29 

2-24 

1-77 

0-396 

0-590 

0-.328 

0-340 

0-318 

0-342 

0-528 

0-483 

1-78 

1 -55 

2-03 

1-59 

1-HO 

1-33 

1-71 

1-53 

2-09 

2.55 

2-68 

2-94 

2-47 

2-6() 

3-20 

3*28 

4-05 

4-09 

MO 

1-04 

1-2S 

1-20 

M5 

1-02 

1 


2 


1-5 


1-25 


0-964 1-06 1-07 0-tl06 


An (^x])orimeiit was (‘oiidut-ttni iu wliicli a drying temperature of 60'^ was used. 
Idle data wen: not satLsfatdory for several reasons, tht‘ clikd’ being that a sample 
of tissiu* exee})tionally l('w jn glutamine was employed. Although tlie dried 
sample showed little in(‘r(‘a.se in free ammonia or decrease in glutamiiK* over the 
extract (‘d sampl(‘, then* was a v(*rv mark(‘d increast* in soluble N and in amino-N, 
indicating that during flu* slow drying at bb” (2*2i) hours) considerable aiitolysis 
(jf protf'in oceurn‘(l: a drying tem|)orature in t‘xcess of bO' is therefore to be 
desin'd. It, may be itdern'd that the time during which the tissue is exposed to 
th(* ((‘iTiperature of th(' drying ov{*n is of great imfxirtanci* : the conditions should 
be so adjusU'd that this shall be as short as possible. 


The determmatUm of glutamine in plant tissues. 

.4[)art from the problem of preparing tissue for analysis in such a manner as 
to avoid significant liydrolysis ol‘ glutamine, a serious difficulty arises from th(3 
possible presence* of otlu*r substamies that may evolve ammonia during the 
analytical oix>rations essential to determination of the amide. Chibnall and 
Westall have discussed the stability of urea and allautoin in this connection ; 
both give rise to appreciable amounts of ammonia imder the (jonditions of the 
glutamine hydrolysis, and our more recent studies of these substances show that 
intorf(Tencc, particularly from urea, may becjome serious if more than traces are 
present. Fortunak*.ly, however, it is relatively easy to demonstrate the absence 
of these substances. Inasmuch as the decoiniHisition both of urea and of allantoin 
is incomplete in 2 hours at pji 6-5 and 100^, it suffices to conduct hydrolyses 
under these conditions for 2- and 4-hour periods; if there is no increase in 
ammonia in the longer j)ori(Kl, the abstmee of urea and allantoin may be inferred. 

The data in Table \^I are presented chiefly to illustrate the reproducibility 
of glutamine determinations carried out according to the directions in a preceding 
section. The tissues had been dried at 80° as already described, and the analyses 
were conducted on extracts of the dried tissue in order to eliminate interference 
jfrom proteins. The data for the tomato plant illustrate the extraordinary 
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Table VII. Olviamine content of various dried plant tissues. 




NHa-N 




NHg-N of 

after 6*5 

Glutamine 



drv tissue 

hydrolysis 

o/ 

/(> 

amide-N 

Glutamine 


‘ % 

O' 

/o 

/o 

Tobacco leaf E 

0018 

0*042 

— 

— 


0018 

0*043 

— 

— 


0016 

0*045 

— 

— . 


0017 

0042 

— 

— 


Av. 00172 

0()43 

0*026 

0135 

Tobacco stem E 

0012 

0 053 

— 

— 


0*013 

(>•052 

— 

— 


0014 

0*055 

— 

— 


0*011 

0*053 

— 

— 


At. 0*0125 

0*053 

0*041 

0*213 

Tomato leaf, ammonia culture 

016(» 

0*299 

0*239 

— 

0*103 

0*301 

0*238 

1*24 

Tomato leaf, nitrate <;ulture 

0*044 

0*061 

0*017 

— 


0 043 

0*063 

0*020 

0*096 

Tomato stem, ammonia culture 

0*148 

0*712 

0*564 

— 

0*147 

0*705 

0*558 

2*92 

Tomato stem, nitrate culture 

0*026 

0*082 

0*056 

— 


0*026 

0*080 

0*054 

0*28 

Beet root, ammonia culture 

0*007 

0-370 

0*363 

— 


0*007 

0*374 

0*367 

1*110 


enrichment in glutamine which 0 (»cur 8 when this species is grown in culture 
solutions that provide ammonia as the sole sourcjc ol‘ N ; att<*ntion has been 
directed to this elsewiiere [Vickery et aL, 1934]. 


The behaviour of the apparent amino-N during the 
hydrolysis of glutamine, 

ChibnalJ and Westall pointed out that the de^crease in the apparent amino-N 
of the solution when the amidt^ group of glutamine is hydrolysed in nearly neutral 
solution may serve as qualitative evidence of the presence of this substance in a 
plant extract. This behaviour cannot be employed for quantitative calculation 
because of the possibility that unstable peptides may be present which may 
undergo hydrolysis with the production of ac'tual amino-N. Furthermore, 
glutamic and hydroxyglutamic acids likewise lose amino-N, owing to ring 
formation, on being heated in neutral solution and, if present, would introduce 
an additional source of error. Nevertheless the criterion is frequently one of 
real value in forming a judgment as to the qualitative composition of plant 
extracts. 

The ratio of the decrease in apparent amino-N to the increase in ammonia-N 
which occurs when a solution of pure glutamine is hydrolysed at 6*5 varies 
from 2*1 to 1-8 as the hydrolysis progresses (see last column, Table HI); the 
final value is that to be ex})ected from a plant extract that contains glutamine, 
provided that no other substances are present which produce ammonia or which 
change in amino-N content under the same conditions. 

Data illustrating the magnitude of the ratio as observed in tissues high in 
glutamine are shown in Table VI. Further data are given in Table VIII. It is 
clear that the results are unequivocal only when quite appreciable amounts of 
glutamine are presents 
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Table VIII. The cJmnges in amino- N of various plant extracts on hydrolysis 
at pjj 6-5 for 2 hours at 100'', 


Figures not otherwise designated are 

mg. 

per g. dry tissue. 



Before 

After 



Ratio 


hydro- 

hydro- 


Glutamine 

column 4/ 


lysis 

lysis 

3 

Increase 

amide-N 

column 5 

1 

2 

4 


6 

Tomato stems, high ammonia culture 

12ir> 

4-30 

7*8r> 

5-85 

1-39 

Tomato roots, high ammonia culture 

307 

2-43 

0*.H 

l-O.o 

O-ol 

Tomato leaves, low ammf>nia culture 

4-27 

3*49 

0 78 

0-61 

J-27 

Tomato stems, low ammonia culture 


302 

2'o3 

2*38 

1-Oti 

Tomato roots, low ammonia culture 

3-60 

2H9 

0{»J 

0-73 

1*24 

Tomato leaves, nitrate culture 


2-82 

(►•18 

0!9 

0-94 

Tomato stems, nitrate culture 

2-40 

217 

0-23 

0 .5.') 

0-42 

Tomato roots, nitrate culture 

1-58 

1 07 

0*01 

0-22 

(MX) 


The ]m\seiit method of d(^t(^rminiiig ghitaminc^ must be apj)lied with dis- 
erimiiiatioii and only after eareful (ionsid oration of th(' possibl(» sour(K‘s ot* error. 
In tlK‘ cast' of tissues known from other data to store relativ^ely large proportions 
of this substance^ there is littk^ dou]>t of the trust wort hi n(*ss of the results, for 
the error introduced by the ])artial decomposition of such tra(*es of un^a, allantoin 
or other unstable sul)staneeK as may Iw‘ present is probably negligible. The 
method is therefore extnunc'ly valual)It‘ as a means of investigating the meta- 
bolism of the amides in known glutamine-storing plants. But the gemeral 
application of the rnetlKwl to the determination of an iidditional factor in the 
customary (examination of thf^ X fractions of plant tissues, especially whtui the 
quantity involved is relatively small, must be deprecated in the present very 
incomplete state of our qualitative knowl(*dge of the com|X)8ition of plants. 

SXJMMABY. 

Tht* procedure advocated by Chibnall and Westall for the determination of 
glutamine in plant tissues has Ix^en revised in the light of more Rxnmt information 
on the stability of this substance. The amide group has been found to be com- 
pletely hydrolysed when glutamine is heated at 1(X)“ for 2 hours at G*5 ; 
accordingly the quantity of glutamine amide-N in an extract of plant tissue 
can be determined by estimation of the incix^ase in arumonia-N that occurs on 
hydrolysis under these conditions; intt^rferonce from asparagines is negligible. 

Attention is drawn to the possibility of interference from urea and allantoin, 
and a method is suggested whereby such interference may be detected. 

The decrease' in amino-N of an extract, on hydrolysis under the conditions 
mentioned, is shown to be a valuable qualitative criterion of the presence of 
glutamine, as has previously been indicated by Chibnall and Westall. 

The chief application of the method as at present developed is to the study 
of plant material known from other considerations to elaborate glutamine. 

Data on the stability of glutamine with respect to hydrogen ion activity and 
to temperature are included, together with a demonstration that the chief 
products of the hydrolysis of glutamine at essentially neutral reaction are 
ammonia and pyrrolidonecarboxylic acid. 
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CCCXXIV. THE CHEMICAL COMPOSITION 
OF TEETH. 

II. THE COMPOSITION OF HUMAN ENAMEL 
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It is known that tln^ chu*f inorganic constituent of enamel and dentine is cahiium 
pliosphate. Bassett [1917] concluded that the calcium pho.sphate was in the 
form of hydroxyapatite. Gassmann [1910; 1921 ; 1928J found in bone.s and teeth 
a (jonstant ratio of I0(ya : 6P : ICO 2 indicating that the bone compound was 
3 CJay(P 04 ) 2 .C'aC 03 , calcium carbonatophosphato or carbonatoapatitc. The best 
evidence that teeth are composed of apatite was obtained from X-ray analysis by 
dc rlong [ 1 920], Taylor and Sheard [1929], Roseberry et ah [1931], Thewlis [1932], 
Kl(‘ment and Tronud [1932] and Bredig [1933], From this method it is difficult 
to decid(' which form of apatite is pros<mt and no information is gained about 
substances present in small amounts. The most complete chemical analysis of the 
inorgauK* constituents was made by Gabriel [1894] on ox tc^etli and his figures ar<‘ 
those most generally quoted. Since that time determinations have beim made of 
th(' amounts of certain elenumts and their possible variations under different 
conditions, (tassrnann [1921] determined Ca, P, (T )2 and Mg of wliole teeth, 
working chiefly with wisdom teeth, Kaushansky [1930: 1932] and Howe [1920] 
studi(»d the C'a, P and Mg in caries and pyorrhoea. These and otlier determinations 
wen* math* on crowns or whole teeth, that is on a variable mixture of enamel and 
dentine. Fish ( 1 932] investigated the Ca conttmt of dentine of differt*nt ages and 
under different conditions. 

With regard to tlu* organic matter of tmamel, Evans [1913] concluded that 
tluTc was 1-2% presemt. Sprawson and Bury [1928] stated that, judgt^d from 
the combustible carbon and the nitrogtun only a very small amount of protein is 
presemt. 

The present investigation aimed at obtaining valu(‘s for the composition of 
sound human t(*eth as a basis for comparison. The material was ver\ carefully 
selected : therein lies the difference between this and much previous work, carried 
out before it was realised that even sound teeth vary in structurt*. Sound (non- 
carious) permanent jmunolar tetdli of children under 14 years of age, removed 
for orthodonture purposes, were collecttid from the school (*lini(‘s. These teeth 
were examined with a huis and proix* in the manner described by Mellanby 
[1923: 1934] and separated into five classes, comprising perfect t(H‘th and four 
degrees of hy|)oplasia. For a tooth to lx* gradixl as perfect it had to have a hard, 
smooth, shining surface devoid of markings, pits or fissures. Such teeth were 
rarely encountered. This can be understood, since a perfect tooth is not likely to 
occur in an overcrowded mouth. The next class of tooth, showing a v(^ry mild 
degree of hy|K)plasia, usually restricted in area, occurred more frequently. The 
determinations reported in this investigation were all carried out on this class of 
tooth. In this way we avoided variations in composition due to differences in age 
and type of tooth [Pish, 1932], 
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Preparation of materiaL 

After classification the teeth were placed in hot water, brushed and filed to 
clean the surface and then put into neutral 95% alcohol till required. Enamel 
and dentine were analysed separately and were obtained in the following manner. 
The cleaned tooth was h('ld in a hand clamp and the enamel ground from the 
outside of the tooth by a rapidly rotating cylindrical file of very hard steel. The 
file was surrounded by a celluloid guard and the fine enamel powder was directed 
down a shute into a beaker below by means of a gentle current of air. By careful 
examination of the tooth every few minutes, it was possible to ensure that only 
enamel was removed in this way, grinding being stopped before tlie dentine was 
reached. To obtain the dentine, the cutting edge of the tooth was then ground 
down on a carborundum wheel till the dentine was exposed. The file was 
replaced by a dtJiitist’s rose head burr and the dentine bored out and collect ed as 
in the case of enamel until only a shell of dcuitine and enamel remained. The 
separated powders were freed of iror) by means of a magnet and magnetised needl(\ 
The material was further examined with a lens for spt*cks of extraneous matter 
such as cotton fibres etc. The enaimd and dentine powders wt^rt* dried at 105-110 ' 
and transferred to a vacuum desiccator until used for analysis. 

The analyses. 

These included determinations of total asli and nitrogen to give an indication 
of the organic matter and combined water and (jarbon dioxide*. The nitrogcMi was 
estimated by micro-Kjeldahl incinejration and distillation followed by nesslerisa- 
tion. The inorganic analyses included the determination of Ca, Mg, Na, K, P, 
COg, Si, F and Cl. The Ca, P and Mg were determined on the same dilute* acid 
solution of the matt^rial, the Ca by titration with iV/50 KMn04 of th(^ calcium 
oxalate precipitated at pj^ 5*6-5’ 8 and the P by Robison’s modification of the 
Briggs method. The Mg determinations gave considerable trouble. The pre- 
cipitation as magnesium ammonium phosphate gave very discordant results. 
The method of Greenberg and Mackay [1932J for the estimation of Mg in blood 
was modified and successfully applied. For the Na determinations it was 
necessary to remove the Ca and the phosphate before th(^ zinc-uranyl acetate 
method of Salit [1932] could be applied. Careful addition of ammonia con- 
veniently removed both as Ca3(P04)2. In the ease of dentine, fat and protein 
extractions were first carried out. In spite of the fact that we used the purest 
chemicals available, we found it necessary to perform blanks on the reagents and 
to account for the sodium arising from the glass in the course of manipulations. 
For the potassium estimations the material was treated with H2SO4 to convert 
into K28O4 , taken up in water and filtered. The dc^termination was made by the 
method of Shohl and Bennett [1928], which involves precipitation as KgPtCl^j, 
treatment with KI and titration of the resulting iodo-compound with tliio- 
sulphate. The combined COg was estimated in a 8i>ecially adapted Van Slyke 
apparatus which had at the top a one-way tap with a large bore (7 mm.). Tla’ough 
this tap the substance was introduced as a fine powder by a special device. This 
consisted of a very small glass funnel with a stem of such a size and length that it 
would go through the tap. The furmel was fitted with a cork which carried a glass 
plug for the stem. The plug was inserted into the stem of the funnel, about 0*1 g. 
powder introduced, the cork placed in position and the whole weighed on a 
watch glass. The sample was introduced into the apparatus by placing the stem 
through the tap and pulling out the cork and plug ; the powder then dropped into 
the burette. The funnel was re-weighed immediately, 2N HCl was used to liberate 
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the (JO 2 . We found it necessary to standardise the conditions of the determina- 
tions on a known mixture of pure Ca 2 (P 04)2 and CaOOa . The OOg determinations 
were also carried out on samples after they had been heated in a furnace to a 
temperature and for a time previously determined as sufficient to drive off the 
COg from CaCOg and MgCOg . The chlorine was determined by the silver nitrate- 
thiocyanate procedure in an aqueous extract and on a HNOg solution of the same 
sample. The determination of the F has been dealt with fully elsewhere [Bowes 
and Murray, 193oJ. Recently we have used distillation of the F as HaSiF^ by 
treatment of the material with HCIO 4 and then applied tlieZr-alizarin colorimetric 
determination. Silicton was estimated in whole teeth by the method of King and 
Stantial [1933]; all procc^sses in this determination were carried out either in 
platinum or “bakelite” vessels. 

In almost all the determinations the methods em})]oytd had to be adapted to 
the particular needs, because the high proportion of Ca 3 (P 04)2 interfered with 
most of the estimations. The methods were tested on known samples of Ca 3 (P 04)2 
to which the particular constituent had been added in suitable proportion. In 
this way we were able to determine the degre<' of accuracy to be ex[)ected. The 
determinations on the tooth material were repeated until we could claim an 
accuracy of 0-2 % for the C-a and P, 2 % for the Mg and less accuracy for the 
other elements. We are doubtful as to the presence of K, tho values obtained 
being almost within the limits of exj>erimental error. 


Consideration of the enamel results. 

The first thing to be noticed (Table 1) is the very small amounts of Si and F. 
It is continually statini in textbooks that teeth contain significant quantities of 
both of these elements; moreover F is i)robably not present in all teeth. The 
Cl content is greater than the F conUmt. This Cl is part of the tooth substance 


Table 1. Composition of enamel. 


Ash 

Nitrogen 

Combined HjO (calculated) 
(kjm billed CO^ 

Calcium 

Magnesium 

Sodium 

Potassium 

l*ho8plioru8 

Chlorine 

Fluorine 

Silicon 

Oa/P 

Ca/Mg 

P/CX), 


Dry enamel 

95*38 % 

0*156 % 

1-347 

1*952‘\, (After heating 0*54^!^) 
37*07 
0*464 

0*25 *^*0 (Aqueous extract 0*1 %) 
0*05 or less 

17*22 
0*3 
0*025 

0*003 (^^*hole teeth) 

2*153 (Ca/P for apatite is 2*151) 
79*89 
8*822 


Ca: P ; CO* (molar proportions) ~ 10 : 5*994 : 0*479. 


and is not present adventitiously as a salt soluble in water, because before the 
enamel was dissolved in HNO^ for this estimation it was extracted with hot water. 
The loss in weight on ashing represents the organic matter, the bound water and 
part of the CO 2 . • 

The value of the Ca/P ratio and the relatively small amount of other sub- 
stances present indicate that a form of apatite 3 Ca 3 (P 04 ) 2 .CaX is the chief con- 
stituent of enamel, representing approximately 90 % of the dry and 95 % of the 
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ashed substance. This is what would have been expected from the results of 
X-ray analysis. This latter method, however, is not able to distinguish definitely 
between the various forms of apatite, and opinions differ as to which form repre- 
sents the bone and tooth compound. The possible forms are chloro-, fluoro-, 
carbonate-, hydroxy- and oxy-, wher<‘ the appropriate element or radical repre- 
sents the X in the general formula stated previously. Bredig [1933] has com- 
pared the X-ray patterns of the teeth and bones with the artificially prepared 
apatites aTid is of the opinion that tlu' compounds of bom^ and teeth are esH<mtially 
the same and are hydroxyapatite. Klement and Tromel [1932] are of the same 
opinion. Hendricks et al. j 1932] favour the presence of carbon atoapatite in bone, 
whilst d(^ Jong states that he is unable to distinguish between the various apatik^ 
forms. Dealing with bone, on which much work has Ix'en done, opinion also 
varies as to whether the complex 3( 1^04)2 . CaX is the only comy)Ound deposited 

and whether it is necessary to consider the separate deposition of salts such as 
CaHP04 and CaC03. Robison [1932] considers that there is no reason to postu- 
late the separate formation of Roseberry ei aL [1931] state that there is 

no evidence for the separate deposition. On the otlu^r hand, Marek et al. [1934], 
as well as discussing the previous evidence for and against the question of the 
existence in hone of one single compound, concluded from their ow'n analyses of 
young pig bone that the (-■a3{P04)2 and the CaOOg wi^re deposited sej)arateJy, 
because the relative amounts of these two substances were found to vary in 
different parts of th(^ bone, A similar conclusion was drawm by Burns and 
Henderson [1934], working on young bone. Gassmann [1921 j considered that 
the ratio Ca : P : COg , found by him in bones and whole teeth, was so near to that 
required by carbon atoapatite that he deduced that this w^as the ehied’ c^onstitiuuit 
of both of these. The values obtained in this inv’^estigation did not agree entirely 
with those of Gassmann who, it must be remembered, worked on wijoh^ teeth. 
Enamel, though yirobably a form of apatite, is not exciusively (‘arbonatoapatik*. 
It is probably not justifiable to consider the bone and te(4h to be of the sami^ 
ehemical composition ; dentine but not enamel is comparable with bone. The 
results reported here show^ that the (‘iiamel and dentine are not identical in their 
inorganic constituents. In normal enamel the P is jirobably only yiresent as 
apatite whereas dentine possibly contains CaHP04 in addition: then* are also 
distinct differences in the GOg contents. D<*ntinc is in all ways mon* similar to 
bone; the (Xlg contents an* a pyiroxim at ely equal; enamel contains much less 
COg. It is significant that enamel, on pn)longed heating, does not lose all its 
carbon dioxide wh(*reas dentine and bone, heated under the same conditions, 
lose all. CaGOg and MgCCX, heated for the same tim(* and to the same temperatnn- 
also lose all their COg. It has not been possible to test the effect of heat on 
carbonatoapatite for no sufficiently pure 6|H>eimens can he made. Since it is 
probable that the COg combined as apatik* would be more firmly htdd, it was 
assumed that the CJOg remaining in the enamel after heating was present as 
apatite, whilst that driven off was present as Gaf^O^ or MgCOg. Gassmann [1921] 
emphasised the stability of the complex calcium (*arhonatophosphate as com- 
pared with Ca3(P04)2 and Working on this assumption it is possible, by 

calculation and deduction on a percentage basis, to form an idea of the probable 
combination of the elements composing the enamel. The COg was considered k> 
be distributed in the following way: that remaining in the heated enamel was 
taken to be present as carbonatoapatite ; that driven off by iieating k) be com- 
bined with the Mg and the excess with Oa as carbonate. The amounts of fluoro- 
and chloro-apatik^ were calculated from the F and 01 values. The remainder of 
the Ca was taken to be present as hydroxyapatite. The values obtained by 
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these calculations are given in Table IF. The corresponding figures for P found 
in this way by calculation agreed within experimental limits with thosc^ deter- 
mined practically. It is ]) 08 sible that a very small amount of organically 
bound P occurs ; this is indicated by the slight rise in Ca/P ratio on ashing. 


Table II. The composition of human enamel found, by calculatifyny using the 
figures given in Table 1 . 


MyrCO, 

o, 

<) 

l-6:>4 

in enamel 

in enamel 

CaCUIg 

i-3:h 

^ 0*532 

— 

Carbonatoapatitc 

12*00 

~ 4*084 

2*178 

Fluoroapatite 

iHm 

~ 0*20 

0*122 

(Uilorciapatito 

4*307 

:: 1*00 

0*780 

Hydroxyapatite 

7.1*04 

3 20*90 

13*90 

Sodium 

0*25 

— 


JjOsh on heatinfr (other than (TU 

i*s:i7 

— 

— 

and H^O) 




Total 

07*202 

37*060* 

10*086 

Determined values (see '^I'ahle 1) 


37*07 

17*22 


The loss in weight on ashing (4*02%) repn^sents the bound water, the greater 
part of the CH).^ and tlu* organic matter. Assuming that the water is driven off 
from the hydroxyapatite to form oxyapatite a value for tht^ organic 

content can be obtained ; this is probably not the true value. The protein content 
calculated from tlu* T*v would be 0*98 Tlie N value obtain(‘d by us was greater 
than that found by 8f)rawson and Bury (192S|. The utmost care was taken in 
the <‘oll(‘(‘tion of tlu' enamel. Blank determinations were made on the reagents 
and the n‘(‘overv tested by <listilJation of standard (NH 4 )o»S 04 solutions. 

Dentine. 

The analysis of the chmtiiK* ]>r('He!ited a difficulty because' of its high organic 
(prot(‘in and fat) content. It is easy to remove the organic jiart by extraction 
but it is difficult to gt^t (piantitative recovery and so calculate back to the dry 
material, ('alciilating from the P content of the dry dentine and the loss in 
weight on ashing, it ay)pear<*d that 0*4 of the P is lost in the a.shing process. It 
can be deduced from the N valu<‘s that not all thf' organic matter is protein ; fat 
extraction raises the ()a P ratio : these two facts indictate that this loss of P is due 
to the presence of lipoid P and that no inorganic* is lost, llem*!^ it was con- 
siderc'd possible to us(* the values obtaimnl on ashed dentine for the calculations 
dealing with the consideration of the comyH^sit iou. 

Consideration of the dentine results. 

P)entine differs from enamel in several resj>ects (Table 111), The former is 
devoid of chlorine ; if tin* values for the ashed dentine arc* comparcxl with tliose 
of the enamel it (?an b<* seen that dentine contains more Mg: the P content of 
dentines is also greater; this gives a lower ViijV ratio, which (lo<*s not coiTesjK)nd 
so closely to the ratio for apatite as does that of enamel. All the CO^ was lost on 
heating, which was taken to mean that all was present as simple carbonate. We 
considered that all the Mg wm present as MgCOg and assumed the rest of the COg 
to be combined as CaCO^. In this way the following figures were obtained : 

0*835 g. Mg (found) 2*922 g, MgCOa (dry dentine) 1*958 g. MgO (ashed), 

1’045 g. COj 3*738 g. CaCO^ (dry dentine) 2*945 g. CaO (ashed). 
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Table III. 

The composition of dentine. 

Dry dentine Ash of dentine 

Ash % 

71 Oil 


Nitrogen % 
Calcium ‘Jq 

3-43 

— 

27-79 

39-83 

Magnesium ^,*0 

0-8.35 

1175 

Sodium 

0-19 

0-267 

i^otassiiim % 

0*07 or loss 

0-1013 

Phosphorus 

13-81 

19-04 

CO* 

3*176 

Nil 

(•hlorine % 

Nil 

Nil 

Fluorine % 

Ca/P 

0-0246 

0-0346 

2-012 

2091 

Ca/Mg 

33-29 

33-90 

P/CO* 

4-349 

— 

: (M)* (molar prop.) 

10:6-412: 1-036 

10:6-17:0 


The Ca left in the ashed dentine was then 37*727 % and this with a P value of 
19*04% (Ca/P~ 1*981) could not be present as apatite only. From the ratio of 
Ca/P, the possibilities are that the Oa and P are present as (1) Ca3(P04)2 or 
(2) Ca3(P04)2 + CaHP04 or (3) SCaaCPOJg . CaX -h CaH PO4 . The X-ray analyses 
have shown that dentine contains considerable quantities of apatite and hence 
the third possibility stated above seemed the most probable. Working on this 
assumption, the following figures were obtained: 11*67 % CaHP04 ancl 58*03% 
of hydroxyapatite in dry dentine, due consideration having be*en given to the 
fluoroapatite. Table IV gives a complete account of the results of these calcula- 
tions based on the analyses given in Table III above. 



Dry dentine 

% 


Ashed dentine 

O/ 

0 

Ca in ashed 
dentine 

O' 

0 

P in ashed 
dentine 

0/ 

/U 

MgCOg 

2-922 

MgO 

1-958 

— 

— 

CaCO, 

3-738 

CaO 

2-945 =E 

2-103 

— 

CaHP 04 

11-67 

CaHP 04 

16-42 H 

4-829 

3-742 

Hydroxyapatite 

58-03 

Oxyapatife 

80-19 

32*528 

15-12 

Fluoroapatite 

0-663 

Fluoroapatite 

0-93.3 

0-370 

0-172 

Sodium 

0-19 

Sodium 

0-267 

— 

— 

Organic matter 

24-693 

— 




Total: (Calc.) 
(Found) 

101-966 


102-713 

”39*83 

39-83 

19-034 

19-04 


It is realised that this treatment of the results is not the only possible one 
but after due consideration it seemed justifiable. Hydroxyapatite is the most 
abundant constituent of the dentine as it is of enamel. It is to be noted that the 
quantity of Mg in human teeth is considerably lejss than in the teeth of some other 
mammals and that the actual quantity is so small that it cannot replace Oa to any 
extent in normal teeth. Mg is now considered important for the activity of 
phosphatases and it may b(‘. that the significance of Mg in relation to teeth is in 
coimection with the proper la)ing down of the Ca3(P04)2 complex rather than 
with the formation of part of th(‘ inorganic complex. No doubt when Ca is 
lacking Mg may te laid down in its place, but this is abnormal. 

It is hoped that similar analyses of sound teeth showing hypoplastic structure 
and of carious teeth will throw some light on the problem of dental disease. 
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SUMMAKY. 

1. Analyses of enamel and denthie of sound human teeth of good structure 
and of one type from a defined age group were made. The total ash, N, Ca, Mg, 
Na, K, P, CO 2 , Cl, F and Si were determined. 

2. The (jompositions of the inorganic parts f)f enamel and dentine are not 
identical. Eiiarnt^l consists mainly of apitite, tfie greater part of which is in the 
hydroxy form, 

3. Dentine contains less apatites but more carbonate than the- enamel. Not 
all the inorganic P of the dent ine is in the form of apatite ; CaHP 04 probably a 
constituent. 

4. The CO 2 of the enamel is not all driven off by heating : that of the dentine, 
is. 


This work was carried out while one of tin* authors (J. H. B.) was in receipt of 
a grant from the Medieval R(*s(‘arc.h Council. We wish to record our thanks for 
this and for an ex[)enses grant from the same source. 

Our thanks are also due to K. W. <Trildersleevr‘s for assistan(‘e in the collection 
and prt‘f)aration of the material for analyses. 
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1 . THE EFFECT OF THE FERMENTING AND DRYING 
OF CACAO ON THE VITAMIN D POTENCY 
OF CACAO SHELL. 

The authors have shown |1934J that one sann)le of tlie t(‘sta or “Hhell” of the 
ordinary dried fermented cacao beaus from the (iold Ooast Jiad a vitamin I) 
potency of 28 International Units ])er g. 1() months lat<'r another samplt* 
of cacao shell was examine^:! by them and found also to contain 2S \.v. per g. As 
this is fpiite an exceptional potency for a vegetable ym)duet, further investigation 
was made with the object of determining whether the vitamin I) was presi'nt in 
the seed or was produced during the preparation for th(‘ mark(^t. 

The fruit of the cacao tree is a large pod, which contains about 40 (*a(^ao s(hh1s 
or “ beans’’. Cacao shtdl is the name given to tlu* testa of tije bean. It is covered 
with a layer of mucilaginous pul}) which contains about 10% of redu(‘jng sugars 
and 0-7 % of citric acid. In tlie approved method ot‘ pr(‘})aration for th(» market 
the l>c^ans are put in a box and allowed to f(‘rment. After fernumtation the 
beans are dried until their moisture cont(‘nt is below S % . They can th(‘n be kcjpt 
without change. 

The usual procedure for fermentation on the (Jold (!oast is to makt‘ a conical 
heap of the beans and cover them wit h plantain l(‘av(\s. The method used in the 
experiment to be described is the more approved method using 3 wooden boxes 
arranged in steps. The h(^ans are placed in the top box and turned into the 1 ow(t 
one after 2 days. They are turned into the lowest box after a further 2 days and 
are thus fermented b days in all. Fermentation of the sugars occurs s}>ontaneously , 
and the temperature rises, generally reaching 50^'' in 3-5 days according to the 
method used. The pulp, by loss of liquid, is diminished in bulk and becomes 
brown and less mucilaginous. In the latcT stages acoti(i and other bacteria develop 
and, under certain circumstances, moulds also. 

During the fermentation of the pulp changes also occur in the interior of the 
seed. After 2-3 days’ fermentation the seed dies. The two folded cotyledons 
which form the greater part of the seejd are purple and, when they die, the 
purple substance originally in isolated cells becomes distributed throughout 
them. .During the later stages of fermentation and during drying, the colour of 

( 2728 ) 
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the inside of the bean, that is of the cotyledons, gradually changes from purple 
to brown owing to the oxidation of the tannins. A little of the tannins, along 
with the theobromin€‘, also passes from the cotyledons into the shell, which as a 
result darkens in colour. 

The fermented beans arc syirf^ad out on trays or tables and dried by turning 
over and over in the sun. At least 6 days are required to dry the beans. The 
oxidation of the tannins continues as long as the beans are moist. Whilst the 
Ix^ans are damp mould may giow on the shell during the night. 

It will thus be seen that the cacao bean normally undergoes two important 
operations: (1) hTinentalion in box<\s or heaps and (2) drying. Mo.st cacao is fer- 
mented and Hun-dri(*d, but some eacac) is merely sun-dried, and some fermented 
cacao is artificially dried. 

Experimentai.. 

The authors decidetl to put on tests to determine the effect on the vitamin D 
content of (1) fermentation and (2) exposure to the sun in drying. The pre|)ara- 
lion of the eaeao was carried out at Cadbury Hall, Kumasi, ae<*ording to the 
instructions of one of us (A. W. K.), by IVlr F. Nicholas, who is the officer in 
charge of the Gold ( 'oast Agricultural Dtqiartment Training Centre. The ordinary 
(h>]d Coast (‘acao belongs to th(‘ botanic sfieeies Fmasicro A mAonado. Only pods 
of this sfH^eies W(*re gathered for the exj)eriment. They were taken from one 
plot in th(i plantation. On Novemlnu* 6th. 1934, a sufficient number of ])ods 
wpre collect(*d to f>rovide lagans for all th»' experiments. The beans wpre ex- 
tracted from tht* })ods and w'cll mixed. Four portions of thej5e wpn* taken 
and submitted to tlie following treatment: 

Sampk? 1. Beans dried at once in the dark. 

Sample 2. fieans dried at once in the sun. 

Sample 3. Beans fermented and then dried in the dark. 

Sanif>lc 4. Beans fermented and then drk‘<l in the sun. 

Sawph 1. The beans dried in the dark were taken straight from the pod and 
dried on wooden trax s in a water-ov(*n. The temjKU'atnre of the oven w as main- 
tain(‘d n(»ar, but fiid not exceed, IH) . The drying oe(*upi<‘d (i days. The tempera- 
t\irt‘ attained by the beans was sufficient to kill them. As a rt'sult the puryjle sub- 
staiuv in the cotyledons was diffuse<l. the temperature in the early stages w^as 
not high enougli to destroy the oxidase wiiicli is prt^sent, a (‘(‘rtain amount of 
brow'ning of the interior of the bean took place. 

Sample 2. The U^aus dried in the mn wore ydaced at hrst on a wooden tray 
and later on palm leaf matting. Owing to the hygroscoyiic nature of tlu‘ pulp 
round the beans, after three weeks the drying w^as still far from complete. The 
))ul}) was thus a suitable medium for the growlli of yeasts or mould. As it was 
feared that the development of numld in the damp mucilage might affect the 
iM'sults, it was decided to wash the beans and thus remove a considerable part of 
the mucilage. This was done and the beans then dried quickly. 

Sample 3. The beans fermented and dried in the dark w ere subjected to tiu' 
standard fermentat ion in boxes as described above. Part of them were dried in a 
wator-oven in the same way as those in test 1. The temperature was maintained 
near, but did not exceed, and tirying was complete in 4 days. 

Sample 4. The beans fermented and dried in the nun were the remaining part of 
the beans not used in preparing sample 3. They were dried in the normal w ay at 
first on wooden trays and later on palm leaf mats. Tht^ weather was not favour- 
able and the drying took 22 days. 
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At the conclusion of the tests the beans were at once placed in tins. They were 
despatched to England in December 1934. The shells were carefully removed 
from the beans by hand, and ground to powder in a dark room. 

The vitamin D content of the four samples of cacao bean shell was estimated 
by the method already described [1934]. The fourth sample (fermented and dried 
in the sun) was found to have a potency of the order of that of the previous 
samples examined, namely 21 i.r. per g. A preliminary test on samples 1 , 2 and 
3 showed that their potency was v(^ry much less than that of sample 4. The shell 
was, therefore, incorporated in the diet in order to give the rats a large enough 
qxiantity of it. Daily records were made of the amount of food eaten, and the 
amount of shell eaten was calculated. The diets of the rat.s for these three tests 


then consisted of; o 

/(> 

Yellow itiaize 60 

Wheat, gluten 16 

Calcium carbonate 3 

Sodium chloride 1 

Cacao bean shell 20 


The diet in its original form contained 1*37 % Ca and 0*34 % P. An analysis 
of the cacao bean shell showed that it contained 0*26 % Ca and 0*39 % P. The 
addition of 20% shell to the rachitogenic diet therefore reduced the ratio Ca : P 
from 4 : 1 to about 3*4: 1. This difference was not great enough to produce 
healing in the metaphyses of the rats under the conditions of our test [Key and 
Morgan, 1932]. 

The results of the tests on the four samples are summarised in Table I. 


Shell 

Table I. Vitamin D in cacao shell. 

Treatment of beans 

i.i . f>er g. 

Sample 1 

Dried in the dark 6 days 

0 

Sample 2 

Dried in the sun more than 21 days ; washe*! 

0*6 

Sample 3 

Fermented and dried in dark 4 days 

0 

Sample 4 

Fermented and dried in sun 22 days 

21 0 


11. THE ORIGIN OF VITAMIN D IN CACAO SHELL. 

In Part I we have described experiments which showed that vitamin D was 
not present in the shell of cacao beans which had been dried in t he dark, whether 
fermented or unfermented. This indicates that the shell of the cacao bean as it 
conies fresh from the pod does not contain vitamin D, and yet after exptisiire 
to sunlight during drying, vitamin D was present in vsmall amounts in un- 
fermented shell and in very large amounts in fermented shell. Presumably a 
precursor of vitamin D was present in the shell and was converted into vitamin 
D by the active rays of the sun. Since the sun-dried, fermented shell was very 
much more active than the sun-dried unfermented shell, it was decided to carry 
the comparison further and irradiate both the shells which h«id bcien dried in the 
dark as nearly equally as possible, by exposure to the rays of a quartz mercury- 
vapour lamp. 

Expbeimbntal. 

Equal weights (56 g.) of the two samples, very finely powdere4, were spread 
evenly in separate galvanised zinc trays of 4 sq. ft. area. These were placed side 
by side and a quartz mercury- vapour lamp hung 2 ft. 6 in. immediately above the 
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middle of the space covered by the two trays. The lamp was run at 95 volts, 
3*5 amps. In order to ensure equal irradiation of (‘ach sample, the trays were 
turned through an angle of 180^ after 8 min. irradiation, and after another 
7 min. the powder was collected and respread. The position of the two trays 
was interchanged. AftfT 8 min. more, the trays were again turned through an 
angle of 180" and irradiation was continued for 7 more minutes. Thus the total 
duration of irradiation was 30 rain. At the end of this time, there was no visible 
difference in the appt'arance of the two powders. 

The vitamin 1) estimation of th(^ two irradiated samples was carried out in 
the usual way. A litth' healing was shown in the rats which received thc' irradi- 
ated unferrnented shell but as all of them had lost wtught during the experiment 
(an average of 9*5 g.) in spitt* of having eaten an av<^ragt^ of 5-1 g. food per day, 
th(' small amount of lu‘aling was easily accounted for and had to be disregarded. 
On the other hand, only one out of 15 rats \vhieh ree(‘iv(*d th(‘ irradiated fer- 
m(‘nti‘d shell lost weight, th<‘ rest gaining an average of f)'7 g. in tlie 10 days. A 
similar (*xperienee had ixtsi eneountered in most of the rals used in testing 
samples 1 and 3. 

The result of th<‘ t(’st on tlu* iiTadiated pnqiarations is giv(‘n Ixdow, together 
with the pn*vious results for e.omparison: 


\'itamin l> ia <'arao ahrii. i.r. pt‘r 


C’acao I leans 
UnfermenttMl 
Pcrineiited 


Drieil in Oh* nun. 
Kxpoaed to huh - 
li^rht 22 or more 
days 

Odi 

210 


Dried in the dark 


Be tore 
irradiation 


After 

irradiation 


0 0 

0 JCU 


It is evident that tlu^ proee.ss of fermentation has iiKTeased enormously the 
amount of the jireeursor of vitamin J> present in the cacao l>ean shtdl. 


Discussion. 

It will be noticed that the potency of the shell powder irradiated artificially 
is not as great as that of the cacao shells that had been exposed to sunlight. This 
could sc^arcely be i^xpected as both the qualities and the intensities of the two 
sources of radiation w^ere different. Neitlier process could be (‘xjK^cted to bring 
about the maximum activation. Moreover, only the outside of the shell of the 
w'hole bean w^as (^x}K)sed to the sun, whereas the powdered shell exposed to the 
ultraviolet rays from the lamp wa.s spread so thinly that it is possible that the 
irradiation was excessive and had resulted in the destruction of part of the vita- 
min D just formeni. 

The tempe^rature conditions and pt'riod of drying were also different. The solar 
radiation on the Gold Coast has a mean maximum temperature of OS'" and at 
night the mean minimum temperature is in the region of 23\ The beans w'ere 
exposed to these conditions for 22 or more days and nights. In the drying oven 
the temperature continuously approached but did not exceed 90^, the fermented 
beans being 4 days and the unfermented 6 days in the oven. 

In neither case were the temperature conditions severe enough to affect the 
precursor, and although they might diminish any vitamin D present, they would 
not result in its complete destruction [Bourdillon et al., 1932j. The absence of 
either precursor or vitamin D from the unfermented shell dried in the dark 
indicates that neither is present in the shell originally. Thus the formation of the 
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precursor of vitamin D is apparent^ an outcome of the procress of fermentation. 
This process may affect the ergosterol content of the shell or it may not; it is 
certainly known to favour the growth of micro-organisms (notably yeasts) on the 
surface of the bean shells. Our thcrory is that the source of the precursor in the 
fermented bean shells is the mass of micro-organisms produced during the pro- 
cress of fermemtation. This woiild account not only for the large amount of 
vitamin D formed on irradiating the fermented shell (either naturally or arti- 
ficially) but also for the small amount found in the unferinented bean shell dried 
in the sun ; for the periods in the sun were interspersed with cooler night pi^riods 
during which yeasts could grow. 

(a) The dei^elo^iYnent of the precursor is independent of place or tnethod of 

fermentation. 

There is some indication that vitamin D is present in the she'll of most kinds 
of fermented sun-dried Forastero cracao and that its presence is indej^endent of 
the country of origin of the cacao. In the preparation of the cacao sliell for 
certain feeding tests [Kon and Henry, 1935] over 1000 tons of roasted beans were 
de-shelled to obtain a r(*prosentativc sample. The beans consistiHl mainly of 
Forastero cacao, being a mixture of fermente'd and, for the most part, sun-dried 
cacaos from West Africa, the West Indies and South America. The cacaos had 
been purchased throughout the season. Tht^ vitamin I) potency obtained by us 
for this mixture of cacao shells was identical wit h that obtained for the pure (h>ld 
Cbast shell previously reported on. namely, 28 i.t\ pc'r g. That the precursor is 
produetHl by some action which is not pe(‘uliar to any one method of fermt*nt ation 
is indicated by the following results obtained from sun-dried cacao from the same 
producing area, namely, the Gold Cbast. The sample previously reported on 
[1934] was from cacao fermented by the native farnuTs mainly in h(*aps, when'as 
the sample reported on in Part I of this paper was carefully fermented in boxes 
and regularly mixed. This gave a potency of the same order as, but lowt'r than, 
that of the native-produced sample. 

(6) Relative potency of vitamin 1) in shell and interior, 

Manceau and Bigc [1931 [ have shown that in th(‘ sec'ds which they testt»d the 
sterols present in the outer layer (0*02-*0*d() %) were slightly greater in amount 
than in the interior (0*()17-0 05 %). Judging from the r(‘sults of Labbe ct al, 1 1 929 [ 
there is a marked difference in the case of ordinary (presumably fermented) <‘ac^ao 
seeds. There are present two sterols, A and B, both of which (h'velo]) antirachitic 
propt^rties on irradiation. The B sterol is identi(*al with the ergosterol from 
brewer’s yeast [de Balsac, 1933]. The quantities presc'iit are large: 6-8 % of the 
sterols in the fat from cacao shtdl and 0’30-0-49% in the cacao butter from the 
cotyledons (or nibs). Assuming 54 % of butter in the.' nibs and 4 % in the shell, 
the figures would be 0- 16-0*21 % sterols in the nib and 0*24-0*32 in the shell. The 
difference in vitamin D found by the authors [1934] is yet more nmrkod; using 
Gold Coast cacao the nibs gave 1 i.o. por g. as compared with 28 i.r. for cacao 
shell. 

Figures for the |X)tency of vitamin D have been published for comparatively 
few foodstuffs. Amongst animal products, save for liver oils, it is rare to find 
1 i.rr. ptir g. exceeded, and in vegetable products the amounts recorded are so 
small that the cacao bean is unique in its vitamin D content both in the interior 
and in the shell. Whilst the wide differences between our vitamin D figures for 
nib and shell might be explained as due to the exposure of the shell to the sun, 
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the difference between the amounts of sterols in nib and shell needs further 
explanation, as does the striking difference in the vitamin D potencies of the shell 
of fermented and unferment('d beans. 


(r) The productum of the precursor of vitamin D. 


Below we consider 8om<^ possible causes of the production of the precursor in 
the shell during fernumtation. 

(1) Changes due to incipient germination and. death of the ceimo seed. In the 
early stages of fermentation the tern jxjrature rises and the conditions are favour- 
able to inci]:)ient germination. Little visible change occurs because within 
60 hours from the b(‘gi lining of th(‘ fermentation the germ is killed. Soon after 
th(* cotyledons also die. Little is known regarding the incipient germination but 
the changes that follow tht‘ dc^ath of the seed have received attention. 

Tests fur lipase have be^en made. Brill [1915] found none in either fermented 
or unfermented beans and ('ift*rri [1931J found lipase only in urifennented beans. 
The abscuice of lijiase from fermented beans is in accord with practical experience 
of the good keeping properties of both cacao beans and cacao butter. During 
f(*rmentation, after tlie <leath of the scckI, certain substances jiass from the nib to 
the sludl, e.g. t heobromiiK^ | Knapp and Wadsworth, 1924] and tannins [ WhymjHU*, 
19831. The fat obtained from the shell fK)S8esses a high y>ercentage of the 
vitamin I) activity of th<' shell [Kon and Henry, 1935] so that changes in the fat 
p(Tcentage ar<^ of interest. In our aainple.s tlu* fat pcTcentages are lower after 
ferment at ion. 


. I nafi/ses of the shells. 



Shell nn 

Meisture in 

Fat in shell. 
Light ptdroleum 


bean 

shell 

extract 

Sample 


0 

(> 

o 

I nfei rm-iited ((lru*<l in dark) 



1*4 

Fcrmentt‘d (dried in dark) 

lu-8 

0*3 

M 

Fnfermented (dried in sun and >> alin'd) 

0*5 

8*S 

1*7 

Fermented (dried in sun) 

120 

8*:i 

1*2 


As ergosterol is considcTcd U) be ])rimarily a )>roduct of carbohydrate meta- 
bolism, the possibility of shell accpiiring this from the cotyledons is small. 

(2) i^haiujes in the pulp ivhich mag prftduce ihi precursor in the shell. The un- 
fernu^nted pulp contains about 16% reducing sugars, the fermented pulp natur- 
ally contains less. Men' exjK)sun^ of fruits which an* rich in natural carbohydrate, 
e.g. dates, afirieots, to the tropical sun. does not j^roduce vitamin I) [Lecoq, 
1932]. 

The simph^st exfilanation of the production of vitamin 1) in cacao shell is that 
it is du<‘ to yc^ast, which grows in the pulp on the outside of the bean during 
fermentation and is irradiated by the sun during drying. 

V^arious investigators [(3ffTri, 1931] have shown that in the early stages of 
fermentation E^idomi/r^s anomalus and members of the Saccharornyces apiculatus 
group (e.g. Klockeria cacMicola) are the most eominon organisms present, al- 
though Etdorulopsis thcjohronme is also to be found. Tlio latter yeast is fairly 
common throughout fermentation, but in the lat(U' stages the most abundant an' 
Torulopsis Lilumfeld-Toaliiy Scuxharomyceji elUpsoideus and SckizosaccJtaromyces 
Bussei. The last two survive both fermentation and dr^dng and are found on 
practically all kinds of commercial cacao beans [LUicnfeld-Toal, 1927]. Prom 
fermenting cacao on the Gold Coast, Dade has isolated a new MgcotoruloideSy a 
Klockeria, a Hansenula and a Mycodernm [Knapp, 1935], It may be well to com- 
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plete the list of micro-organisms which may be found on the shell. As the fer- 
mentation continues acetic acid is formed to a greater or less extent, and 
Eckmann [1928] has shown that on cacao beans from all countries acetic bacteria 
can be found, c.gr. B. xyUnum, B. xylinoides, B, orleaneme and B. ascendem. 

In well conducted fermentations the beans are turned at intervals from one 
box to another to mix and aerate the mass. On the Gold Coast the farmer some- 
times fails to give his heap a single turning or mixing. In this case by the hfth 
day certain moulds will be present, particularly the thermophiles, AnpHTgillus 
fumigatus and Mucor Buntingii [Bunting, 1928]. During drying certain other 
moulds may grow on the shell of the bean: aspergilli, mucors or peneillia, parti- 
cularly A. flaims, A. faniarii, A. niger, A. glaucus and A. sydotvi. If drying 
is continued these will cease to grow and will become no longer readily visible 
to the eye. 

Of the micro-organisms conci^nied in cacao fermentation, the acetic bacteria 
can presumably be ignored as a source of ergosterol. Certain specific* moulds 
have been shown io synthesise* ergosterol. This is found in the dric‘d mycelia 
[Birkinshaw ft n7., 1931] and on irradiation moulds acquire anti-raclutic pro- 
perties fPremss et ah, 1931]. 

The appearance of mould on cacao during drying depends on the wnathcT 
conditions and on the care taken. Given bad conditions or carelessnc'ss it may 
appear on the shell of either fermented or unfermented beans. Tlie moulds 
record(‘.d in both cases are for the most jiart of the samc^ sjx'cies. The irrc'gular 
incidence of mould would not account for the regularity of the vitamin 1) found 
in the shell of fermented beans. We eonclude that mould is a relativfdy un- 
important source of the precursor of vitamin D in cac^ao shell. 

The presence of yeast explains the observed facets bettcT. If caeao is put iti a 
box and allowed to ferment, the pulp shows great numbers of yeast c(dls aft(*r one 
day and the numbers are maintained for several days. Ciferri gives the number 
of mould spores on healthy fermented cacao as Wing about 1000 per b<*an: 
according to Dade the number of yeast cells during fermentation is of the order 
of 2000 millions per bean. When unfermented beans are spread in a layer to dry, 
yeast develops on the first day, but later conditions are not continuously favour- 
able to its growth. In our experiments, as sometimes occurs in normal practice 
to facilitate sun drying, the uufermented beans were waslied. This removed 
much of the pulp and with it much of the yeast present. 

Yeast cells occur in quantity on the normal dried fermenU^d bean, often as 
large colonies. They are also present in quantity on beans which have not been 
deliberately fermented but have Wen dried in the sun. They (;annot be wtished 
off and counted as they are distributed throughout the dried pulp layer of the 
shell. An attempt was made in the expc^rimental samples to get some idea of the 
quantity of yeast cells by soaking and scraping off the surfaee of the shell. The 
unfermented Wans whether dried in the dark or dried in the sun (and washed) 
showed very few yeast cells. The fermented beans in Wth cases showed a vast 
numWr, the greater number being present on the beans dried in the sun. 

The capacity of the tropical variety of S, eUipaoideus, or of other cacao yeasts, 
for elaborating ergosterol is not known, but ordinary S. fUipsoidevs in the dry 
state contains an average amount of ergosterol for a yeast, namely 0*6 % [Bills 
et al, 1930]. 

One of us [Coward, 1933] has reported the anti-rachitic activation of yeast by 
exposure to strong sunlight. The thin layer of yeast on the surface of the shell is 
well placed for efficient irradiation during drying. 

Steenbock et aL [1930] and Kon [1931] by irradiating distiller’s yeast have 
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raised its anti-rachitic potency to approximately 75 times that of a good cod- 
liver oil, whilst the yeast produced by Steenbock ei al. [1930] for feeding cattle 
had a potency of 2700 i.tt. vitamin D per g. Taking the latter }X)tency as one not 
difficult to attain, about 1 % of irradiated yeast on the shell of tlie cacao bean 
would give the figures 21 and 28 which we obtained for the fermented cacao. In 
the case of the unfermentcd beans dru^l in the sun the limited fermentation and 
the washing away of a good part of the pulp resulted in a figure of only 0*6 units. 
The conditions for the drying of beans taken straight from the i>od and dried in 
the dark did not permit of the growing of yeast and hence with these we found 
no vitamin D after irradiation. 

The growth of ytiast in the pulp, combined with the exposure to th(* sim, 
satisfactorily accounts for the vitamin D in shell. 

Both the vitamin D and the sterols in the cotyledons are unusually high. The 
manner of their production requires further investigation. 

Summary. 

J . It is improbabl(‘ that either vitamin 1> or ergosterol is present in the fresh 
shell of the cacao bean. 

2. During fermentation, yeast containing ergosterol develops in the pulp on 
the shell. 

3. During drying in tlu' trof)ical sun the ergost^'rol is con vertt‘d into vitamin D. 

4. Henc<‘ the ord(T of vitamin 1) |>otency of the shell of th(‘ cacao bean is: 
(1) artifi(!ially dric<l — alKsent: (2) not deliberately feTmented but slightly fer- 
mented during sun-drying — fairly high, approaching the potency of dairy butter ; 
(3) ftTinented and sun-dried — vc^ry high, tAventy or thirty times the potency of 
dairy butt4'r. 

Our thanks are due to Mr F. Nicholas for carrying out the preparation of the 
samples listed in Part 1. 
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Evans and Bishop [1922] first showed that when young rats were fed on a diet 
deficient in vitamin A, the cyclic changes in the vagina were apparently upset, for 
“cornified cells” (keratinised cells) were found continuously day after day in the 
vagina. If vitamin A was given the condition was cleared up and the regular 
cycles became easily recognised. Evans and Burr [1928] showed that the oestrous 
cycles occurred naturally during the period when keratinised cells appeared 
continuously but the signs of the cycles, as usually given by the vagina, were 
hidden. 

Other workers have confirmed the findings of Evans and Bishop, and 
Baumann and Steenbock [1932] showed that this evidence of vitamin A defici- 
ency responded to treatment with daily doses of carotene in Wesson oil (hardened 
cottonseed oil). They suggested that this symptom of vitamin A deficiency and 
its cure by the giving of vitamin A might be made the basis of a method for the 
quantitative estimation of vitamin A. 

The suggestion was very attractive to us as this response of the animal 
appeared to be specific for vitamin A. (Methods based on the growth re.sponso of 
animals are open to many well-known criticisms.) It also seemed possible that 
this method might offer a means of estimating the vitamin A potency of a 
preparation suspected of being labile, for it might be possible to obtain ineasur- 
able results from giving one dose only of the preparation to each rat suitably pre- 
pared. This has proved to be possible. A logarithmic ciirv^e has been obtoined 
relating (a) the number of days elapsing before cornified cells disappeared from 
the vagina, and (6) the size of the dose given. The duration of the cure obtained 
by givii^ vitamin A also bears a curvilinear relationship to the dose given, but 
this curve is not logarithmic. 

Method. 

(o) General scheme of the test. The only information available as to the sensi- 
tivity of the vagina to doses of vitamin A was given by Baumann and Steenbock 
[1932] who had found that lOy carotene per day restored dioestrous smears 
within a week. Klussmann and Simola [1933] found that daily doses of l-5y 
carotene caused the cornified cells to disappear. None of these workers stated 
exactly what condition the rats were in when doses were first given. We therefore 
had to detormine exactly what criteria we would use (a) to consider a rat ready 
for the test and (6) to consider a ret to have responded to a dose of vitamin A. It 
is, of course, unnecessary for workers in different laboratories to adopt the 
criteria for biological reactions provided that a standard of reference is available 

( 2730 ) 
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in terms of which an estimation can be made, and provided also that the workers 
in different laboratories have shown that they can obtain, by means of their own 
technique, a graded response to graded doses of the purest form available of the 
active substance. 

To consider a rat ready for the test, we decided that it must have had comified 
cells (almost exclusively) in the vaginal smear daily for 10 days. As the rats’ 
reserves of vitamin A become exhausted, these cells appear suddenly in very large 
numbers and with only slight admixture with leucocytes or none at all. 

To consider a rat to have responded to a dose of vitamin A, we decided that 
cornified cells should be completely absent from the smear or present in very 
small numbers, not more than a stray group of perhaps half a dozen in the whole 
smear taken. 

(6) The preparation of the rata. The vaginal contents of each rat which had 
attained a weight of 130 g. on a diet containing only moderate amounts of 
vitamin A were examined daily by Evans’s simple method of removing a little of 
the material from the vagina with a small spatula and examining it at once in a 
drop of tap water under the low power (2/3) of a microscope. By the time that it 
was ascertained that cycles were occurring normally the rat had usuallj" attained 
a weight of 140 g. It was then giv<»n the vitamin A-free diet in general use in this 
laboratory until the vaginal smear had contained comified ceUs for 10 (*onsecu- 
tive days. The rat was tlien considered ready for the test. 

(c) Dosing of the rats. As the rats became ready for the experiment they were 
distributed among 7 groups of 10-12 rats p<»r group. All the rats of any one group 
were given the same dost^ of cod-liver oil. On the day wh<m they were considered 
ready th<^ rats of the different groups wore given in a single dose on one occasion 
5, id, 20, 40, (iO, 1(K) and 200 mg. respectively of an average sample of cod-liver 
oil. Tlie same vitamin A-free diet was continued, and the vaginal contents were 
examined daily. When the smear contained no cornified cells or only jjerhaps 
half a dozen of those cells, the rat was considered to have responded to the dose 
of cod-liver oil. The number of days elapsing bc'tween giving the dose and getting 
the response was considered tin' result. One rat in the whole series responded the 
day after dosing ; that wan estimated as 1 . When a rat’s smears contained comi- 
fied cjells for 2 days after dosing, and was free from them on the tliird day, the 
response was estimated as 3. ’'I’he longest interval noted between dosing and 
re8j)on8e was 10 days. Some of the rats given the lower doses of cod-liver oil did 
not respond at all though smears w ere taken for as many as 20 days after dosing. 
Some of them died without giving any re8ix)n8e. For the purpose of averaging 
results the figure 10 was therefore given to each rat that did not respond within 
10 day.s. 

The curve of respwm. 

The averages of the results from the animals in the different groups w^ere 
taken as the responses to the different doses of cod- liver oil (Table 1). Whem 
plotted against the respective doses the results gave a curve in w'hieh only the 
two lowest doses were somewhat irregularly placed (Fig. 1). That the curve is 
logarithmic may be seen from Fig. 2 in which the average responses of the groups 
are plotted against the logarithms of the doses of cod-liver oil given. The best 
straight line through these |)omts was calculated as y==13‘2 — 4*5ar. Thus tht^ 
curve relating the average responses of the groups of rats to the dose of vitamin A 
given is represented by the equation 13-2— 4*6 log x. 

It is interesting to note that this curve of response is logarithmic although it 
is in no way a growth curve. 

* 174—2 
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Table I. Besponae of rats to a single dose of cod-liver oil shown by changes in 

the vaginal contents. 


Dose of cod diver 
oil (Z). 

No. of rats 

Interval between 
first dose and 
first appearance 
of leueiieytes. 

Interval between 
first day of cure 
and day when ready 
for second test, i,e. 
duration of cure.* 

No. of rats 
which reached 

mg. 

on test 

Days 

Days 

this stage 

5 

10 

9:i 

110 

3 

10 

0 

100 

— 

0 

20 

10 

7 0 

JO'8 

6 

40 

10 

5-7 

18-0 

7 

00 

10 

5-3 

19-8 

9 

100 

10 

40 

24-7 

9 

200 

12 

2*9 

4o‘0 

9 


* The interval lx‘tween the first day of eure and the day when ready for second test includes 
{a) the time during which normal cycles were oceuiring and (6) the^ 10 successive days of c’omified 
cells in the vagina which were regarded as the indication that the rat was ready for a second test. 



Kig. 1. Curve of response relating the dose of vitamin A to the time taken to restore the normal 

condition of thc‘ vaginal contents. 



F'ig. 2. Curve of response relating the logarithm of the dose of vitamin A to the time taken to 
restore the normal condition of the vaginal contents. 
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Duration of cure from a single, dose, of cod4iver oil. 

Vaginal smears of the rats which had been used for obtaining the ctirve of 
response already described were still taken daily to determine when each rat 
might be considered ready for another test ; that was when a rat had again had 
oomified cells in the vagina for 10 successive days. For this measurement the 
rats which had not responded to the first dose within 10 days were, of course, 
ignored. The rats that had responded to the lower doses of f;od-liver oil had at 
least one cycle before cornified cells again appeared continuously in the vagina. 
The rats that hod received the largest dose of coddiver oil had 0 or 7 cycles 
before cornified cells ap]x^ared continuously and obliterated them. 

The time taken by a rat to become ready for a second test was reckoned as the 
interval between the first day of its cure from the first dose and the day when it 
had again shown cornified cells for 10 successive days. The* averages of the times 
taken by the rats in the different groups were plotted against the respective doses 
of cod -liver oil given. If the 10 days of continuous cornifi cation (regarded as the 
indication that the rat was ready for a second test) are subtracted from each of 
tiic'se averages, the remaindiT may be regarded as the duration of the cures. The 
resjionse is plotted in Fig. 3. The curve is not logarithmic. It is quite clear that 



Fig. .‘j, C’urvc of response relating the dose of vitamin A to the “duration of the cure'* of the 

eondition of the vaginal contents. 

not only does the size of dose influence the rapidity of the response, but that it 
also influenc4)s the duration of th(‘ rat's resistance to a subseqiuuit shortage of 
vitamin A, 

The possibility of usiTvg the same, rats for several tests. 

Rats which had responded to a dose of cod-liver oil once were, when again 
ready, given a second dose of cod-liver oil equal to the first ; the responses were 
measured in the same way. There were fewer rats available for the second test 
than for the first because several rats given the lower doses in the first test had 
not responded and were therefore not comparable with those which had re- 
sponded and been again depleted. In each group one or two rats showed greater 
sensitivity in the second test than in the first, but most were apparently less 
sensitive, and it was necessary to compare averages. For the purpose of these 
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comparisons therefore, averages of the first test results were recalctilated from 
those rats only which were used in the second test (Table II), 


Table II. Comparison between first and second tests of the same doses of cod- 
liver oil given to the same reds. 

The figures in this table were compiled from those rats only which survived for the second test. 


I> 08 e of 


Time required for response 

Duration of response 

No. of rats 

ood-liver 

No. of rats 

f " 

In Ist teat. 

> ^ 

f 

In 1st test. 

' ' 

that sur- 

oil (Z). 

given a 

In 2nd test. 

In 2nd test. 

vived the 

mg. 

second dose 

Days 

Days 

Days 

Days 

2nd test 

5 

3 

80 

No response 

11*0 

— 

— 

10 

0 

— 

— 

— 

— 

— 

20 

6 

50 

7*7 

10*5 

16*5 

2 

40 

7 

3-9 

8*3 

17*5 

14*0 

2 

60 

9 

4-8 

8*2 

18*0 

17-3 

3 

100 

9* (8) 

4*0 

5*4 

25-2 

18*5 

6 

200 

9 

3-2 

4*0 

450 

40*7 

9 


* One of these died 3 daj^s after n'ceiving the dose. 


On the whole the rats took a longer time to respond to the second dose of 
cod-liver oil than to the first, and in the groups containing a reasonable number 
of animals, the duration of cure following the second dose was shorter than the 
cure following the first. Another indication of the lessened sensitivity of the rats 
is the fact that of the 42 rats which responded within 10 days to the first dose, 
20 did not respond within 10 days to the second dose. Thus under the conditions 
adopted for this test, estimations of vitamin A activity would apparently have 
to be made entirely on rats used thus for the first time or entirely on rats used 
thus for the second time. There should be no indiscriminate use of any rats 
which happened to be ready when needed. It is possible, however, that some 
modification of the test (such as the adoption of 5 successive days of cornification 
instead of 10 as the criterion for considering a rat n^,ady for a test) might prevent 
the lessening of the sensitivity of the rats, but there is no evidence* in th(‘so 
results to indicate that it would do so. 

As there were only 22 survivors of the second test (rats which completed 10 
successive days of cornification after their second cure), no third test was 
attempted. 

Weights of rats during the test. 

Only 6 rats out of 62 lost as much as 10 g. in weight during the j)eriod of 
feeding on the vitamin A-deficient diet, up to the end of the first 10 days when 
cornifiod cells appeared daily in the vagina. This is, therefore, an earlier symptom 
of vitamin A deficiency in adult rats than loss of weight, and is similar to 
Evans’s experience with young growing rats. Of the 22 rats which survived the 
second duration test, 4 lost at least 10 g. in weight before their second period of 
10 successive days of cornification was completed. 

Accuracy of the test. 

As a response which varies in magnitude and which can be measured gives a 
more accurate result than a simple “all or none” response, no calculations were 
based on the number of rats which were or were not cured within a given time. 

The two groups of rats given the lowest doses of cod-liver oil could not be 
used for estimating the accuracy of the test, as in one of them, 7, and in the 
other 10 did not respond at aU. Using the figure 10, the maximum and only 
value assigned to these, would therefore give a false idea of the accuracy of the 
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result, as in one group there would be no variation at all, and very little in the 
second. In the three groups given the next liighest doses, there were 4, 3 and 1 rats 
respectively that did not respond. These 8 rats obviously cannot be excluded 
firom the calculation, but their inclusion at the value of 10 each will bring a lower 
value for the standard deviation than the true value for the test. The total 
number of rats from which the calculation could then be made was lamentably 
small, viz, 52, distributed in live groups. The value of a obtained from these is 
2*86, whence the probable error of a result obtained with 10 rats is +36*2 or 
—26*4% which is slightly greater than that obtained in a 3 weeks' growth test 
on young female rats in the same laboratory. 

It must, however, be recognised that this figure is obtained from a calculation 
with a very small number of rats and, moreover, there may be other ways of 
mestsuring the effects that would give more accurate results. 

SlJMMARV. 

Changes in the vaginal contents of tlie rat brought about by withholding 
vitamin A from the diet, and the rc'storation to the normal condition brought 
about by the giving of vitamin A, have been made the basis for a quantitative 
method of estimation of vitamin A. 

The occurrence of keratinised cells for 10 successive days in the vagina was 
taken as an indication of the exhaustion of the raCs reserves of vitamin A. The 
disappearance of these cells from the vagina was taken as an indication of 
‘‘cuK)". These criteria have been applied to the estimation of the vitamin A 
content of one dose only of the vitamin A-containing substance, that dose being 
given on the tenth day of the period of continuous comified cells in the vagina. 

The relation l>etween the dose given and the mean number of days elaj^sing 
between the giving of the dose and the disapj>earance of eoniified cells from the 
vagina is curvilinear. The curve is logarithmic in shape. 

The duration of the cure effected by one dose of vitamin A, i,€. the time 
elapsing Ix^twoen the day when the cornified cells disappeared and the day when 
comified cells had again appeared continuously for 10 successive days, also 
bears a curvilinear relation to the dose of vitamin A given, but this curve is not 
logaritlunic. 

The accuracy of this method of estimation appears to be somewhat less than 
that obtained by the criterion, increase in weight in 3 weeks of female rats 
which have been given daily doses of vitamin A after they had ceased t^) grow’ on 
a diet deficient in that factor. 
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The effect of the addition of linseed oil to a fat-free diet was the subject of an 
investigation in whic^h one of us was co-operating and the chemical examination 
of the particular sample of oil was therefore undertaken. This examination has 
not yet been completed but in view of the communication of Green and Hilditch 
[1935] on the identification of linoleic and linolenic acids, it seems desirable to set 
forth the results at which we have so far arrived. 

Green and Hilditch cfompared the effects of oxidising a- and j3-linoleic acids 
with potassium permanganate solution using Hazura’s conditions [1888] and 
found that whereas from 4-8 g. a-linoleic acid they obtained of the two tetra- 
hydroxy-acids 13 g. (m.p. 173'') and 2*()g. (m.p. 155'') together with M g. of a 
viscous material, from ^-linoleic acid only very small amounts of crystalline 
products were obtained, the main product being an oil (i.v. 13*7 : equiv. wt. 76). 
They concluded that the jS-acid had undergone profound disruptive oxidation 
under the conditions described by Hazura. In the course of the present investi- 
gation we had arrived at a somewhat similar conclusion sinco some form of 
labile tetra- or hexa-liydroxy-acid must have been formed and have undergone 
oxidative degradation to smaller molecules. 

The linseed oil (i.v, 1 74) way saponilied by alcoholic KOH, the free acids (245 g.) s<^paratcd into 
saturated and unsaturaicd acids by the solubility of the lead salts in alcohol and the 22dg. 
unsaturated acid (i.v. 207) oxidi.sed in jiortiorisof 7*5 g. using 1^J,> alkaline permanganate under 
Rollett’s conditions [1909] but keeping the vigorously stirred solution at a teni|>eraturo of 0-5' . 
The cooled permanganate solution was added during a period of 25 min. and after standing for 
10 mm. the solution Avas deeolons(*d by 80, and left overnight at 0 , The white jirecipitatc of 
hydroxy-acids was filtered off, dried and extracted with benzene, wdiieh dissolved 12*5 g. acids. 
The filtrate* vAas steam -distilled, eon<'entrat<*d to 250 ml. and cooled overnight. A sticky yellow 
precipitate separated (0) and the filtrate on further con<‘cntration depositf^d a brown oil (F): by 
eontinuous ether extraction of the residual filtrate, more oil and a few white crystals were obtained. 

From the first precipitate the diliydr(»xy-aeid (A) was separated by its insolubility in boiling 
water and purified by I'ccrystallisation from alcohol; the filtrati* on cooling dejxmited mainly the 
tetrahydro\y-acids(B)and a mixture of tetra- and hcxa-hydroxy-ocids rtunained in solution, from 
which treatment, with a limited amount of boiling water extracted a further amount of hexa- 
hydroxy-aeid (D) and left in solution a mixture of the tetra- and hexa- hydroxy 'Acids (E). Frac- 
tions (B) and (C) Avere purified by repeated recrystallisation from 96% ethyl alcohol; the chief 
constituent of (B) was sativic acid, of ((?) i^olinusu* acid. Fraction (D) consisting mainly of 
Jinusic acid was reci^'stallised from butyl alcohol. Fraction ( E) Ai^as first extracted with boiling 
water by which a further quantity of Unusic acid was separated and the remainder repeatedly 
recrystallised from ethyl alcohol. The volatile acids were isolated by steam -distillation, but the 
distillation was stopped kdbre the acids had ken completely separated. 
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The proportions of products actually isolated are shown in Table I. 

Table I. Analysis of 245 g. acids from linseed oil containing approximately 
0 / 189 g, carbon. 

total Weight 
carb(jn g. 


<>•0 

J9 

Saturated acids fraction 





— 1 

224 

tTnnaturated acwl« fraction 

M.P. 

^C. 

Etjjuiv. 

wt. 

C 

O' 

/o 

H 

O' 

/o 

4(i 

12-5 

Acid Moliition in lK‘nzcnc, contain« Maturated 
acids 

Ovulation products 


310 

707 

10-3 

ino 


A. Dihydroxystcaric acid 

133 

310 




[ 140 

B. Tctraby tiro xy stearic acid 

150-10“) 

.348 

01*0 

9*8 

i ■ 

1 10-0 

Approximate amount present in E. A speci- 
men isolated 

C and 1). H ex abydroxy stearic acids 

174-175 




1 

1 10-0 

isoLinusic acid 

109-179 

170-175 

380 

57*2 

.77-1 

9-5 

9-5 


27 0 

1). Liniisic a< id 

lKO-192 

382 

50-2 

9*5 

J,V3 ( 

1 

E. Mixture of tetra- and hexa-hydroxy- 
stcaric aci<is 



— 

— 


5-.') 

Approximate amount bnusii* ac*id present 
in K. A Kf)<*eim(*ri isolated 

Degradation products 

202-204 


50-5 

90 

i.v:i 

48 

K, Brown viscous oil containing aci<l 
('jjHgaOe ami probably the laet^iiic acid 


23H 

250 

59-7 

59-5 

00-0 

81 

8*0., 

7-8 

7-4 

35 

(J. Volatile acids: contain «-tiexanoi(* acid. 

(’ cal(‘ulated as a<'Ctic acid 

— 

5t) 

' - 

— 


Determination of constitution of degradation products. 

The brow^n oil (F) contained a trace of manganese: it was insoluble in ether 
but readily soluble in 9b \ al(‘olH)l. Aft^T heaving for six weeks in an evacuated 
d(»8iccator its weight w'as apyiroximately constant: it showed no tendency to gain 
in wc‘ight, so oxygen w^as not lieing absorbed, but it became more viscid and 
(larkemxl very much in colour. 

Found: July iUst, 0 59*71, 59*5%; H 8*14, 7*90%. Sept. 2nd, C 00*0%: 
H 7-77 % . C>i 2 R 22 Ce recpiires C 55*90 % ; H 8*40 %. Ci 2 Hao 05 requires C 59*02 % ; 
H 8*19%. 

When a small amount was titrated with alkali in the cold an equivalent weight 
of 350 wm iudi(5ated but on warming the final end-point agreed with an equi- 
valent of 181. The deep colour of the solution prt'vented good end-])oints being 
obtained. 

Treated with zinc carbonate and cold water, a small proportion of a soluble 
zinc salt was obtained which was less soluble in hot water and separated out on 
heating the solution. 

Found: zinc salt, C 45*51; H 6*31; Zn 20*0%. Equivalent of acid = 131. 
CjiHaaOeZn requires C 44*3; H 6*15; Zn 20 0%. Equivalent of acid =131. 

The zinc salt was therefore the salt of a dibasic acid The position 

of the hydroxy-groups was determined by oxidation with lead tetraac'etate solu- 
tion according to the method introduced by Criegeo [1931] for the identification 
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of glycols : a small amount of azelaic acid was separated from the product. It 
appeared therefore that oxidation of a tetra- or hexa-hydroxy-aoid had taken 
place at the 12-13 linkage and that two hydroxyl groups had been added at the 
9-10 linkage. Prom the behaviour of the original oil on titration it seemed 
probable that most of the oil present was in the form of the lactonic acid 
C12H20O5, the 9-hydroxyl group being in the y-position to the carboxyl group. 

The zinc salt when treated with lead tetraacetate in acetic acid solution at 37® 
gave a titration corresponding with the presence of about 27 % of the dihydroxy- 
dibasic acid : it is possible that this low percentage may be due to the formation 
of the relatively stable lactone so that the reaction was not complete. 

Determination of the constitution of the hydroxy$tea;ric acids. 

Since the hydroxy-derivatives of the higher unsaturated acids are crystalline 
compounds capable of purification by recrystallisation, they appear to be 
particularly suitable compounds in which to determine the position of the 
ethylenic linkage in the original unsaturated acids. The method of Criegee [1931] 
was therefore applied to determine the position of the adjacent hydroxyl groups. 
Both dihydroxystearic and sativie acids reacted almost quantitatively with the 
lead tetraacetate reagent at 37®. In both cases azelaic acid was isolated from 
the product and identified by a mixed melting-point with a specimen of pure 
azelaic acid (m.p. 106-107®). Efforts to prepare the 2 :4-dinitrophenylhydrazones 
of the aldehydes simultaneously fonned failed in the presence of acetic acid 
since even moderately dilute acetic acid decomposed them forming the acetyl 
derivative of 2 :4-dinitrophenylhydrazine. The solution of the aldehydes in 
glacial acetic was therefore diluted and extracted with ether and the ethereal 
solution shaken with a solution of sodium carbonate. The aldehydes were then 
converted into the hydrazonc derivatives and these analysed, and identified ; 
from sativie acid, n-hexaldehyde dinitrophenylhydrazone, m.p. 97-100° ; from 
dihydroxystearic acid, n-nonaldehyde dinitrophenylhydrazone, m.p. 106-106'4°, 

Erom sativie acid a small amount of a deep red hydrazone was also isolated 
melting about 200°, possibly the dihydrazone of malonic dialdehyde. Oxidation 
of the aldehydes from the oxidation of sativie acid gave, besidc^s 7?-hexanoic acid, 
a small amount of crystals, m.p. 125-127° (m.p. malonic acid 133°). The positions 
of the ethylene linkages in linoleic acid between the 9-10 and 12-13 carbon atoms 
were therefore confirmed. 

Hazura [1888] observed that with dilute solutions of permanganate, which 
were however stronger than those which we employed, only small amounts of 
azelaic acid were isolated : with increasing strength of permanganate solution the 
quantity of dibasic acid separated was greater. So far we have failed to identify 
normal dibasic acids among the oxidation products, probably owing to the 
greater dilution of the permanganate solution used. The ethylenic linkage in 
the 12-13 position was more really broken than that between the 9-10 carbon 
atoms, since an ll-carboxy-9:10-dihydroxyundecanoic acid was isolated. 

SUMMABY. 

1. Prom the product of the oxidation of the unsaturated acids of linseed 
oil with KMn04 in dilute solution a dibasic acid CiaHggOg has been isolated as the 
zinc salt, and its constitution determined as ll-carboxy-9:10-dihydroxyunde- 
canoic acid. A considerable proportion of the corresponding lactonic acid 
appeared to be also present. 



UNSATURATED ACIDS OF LINSEED OIL 


2746 


2. Labile forms of the hexa- and especially of the tetra-hydroxystearic acids 
seem to have been formed as products of the oxidation, readily suffering further 
degradation. 

3. The method of Criegee was applied to determine the position of the 

hydroxyl groups of sativic and dihydroxystearic acids, and of the acid . 
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The multiple deficiencies inherent in an exclusive diet of polished rice have for 
some time been recognised as being contributory to the syndromes of human beri- 
beri and avian polyneuritis. In addition to a deficiency in certain vitamin factors 
in polished rice the adequacy of the protein intake on such a diet has been 
questioned by several workers wlio, when studying the vitamin requirements of 
birds, made use of synthetic diets with caseinogen as th(' source of protein 
[Sugiura and Benedict, 1923] and daily supplements of meat protein to a jDolished 
rice diet [Block et ah, 1932], or autoclaved whole wheat [Morris, 1933J. The 
effect of a deficiency of protein has been demonstrated by Carter 1 1934] who found 
that pigeons on a polished rice diet supplemented by a concentrat;e of vitamin B^ 
and the fat-soluble vitamins failed to regain their maximum weight after a short 
period of depletion, whereas the addition of caseinogen suflSced to ensure full 
weight recovery. Theses observations did not completely agree with those of 
O’Brien [1934] who in the course of an investigation on the nature of vitamin B^ 
found that a caseinogen supplement to such a diet promoted an initial gain in 
weight but failed to restore maximum weight. An extract of liydrolysed wheat 
germ containing vitamin B^ and the hydrolytic products of wheat proteins always 
induced a gain in weight comparable with that seen in birds on a whole w^heat 
diet. The experience of these workers suggests that at least two factors arc })laying 
a part in the partial weight restoration of pigeons on a diet of rice supplemented 
with vitamin Bj concentrates; (a) a lack of protein and (6) vitamin B3 deficiency. 
In this paper experiments are recorded which throw further light on this 
hypothesis. 

It seemed to us fiossible that the severity of the initial depletion of the 
stored vitamins might determine the subsequent response to caseinogen. In 
those birds which retained much of their original store of vitamin Bg as a result 
of a short period on polished ric(' the addition of vitamins B| and B5 together with 
caseinogen should ensure a full recovery to maximum weight. On the other hand 
birds submitted to a more prolonged regime of jx)li8hed rice involving severe loss 
of weight might be expected to be deprived of much of their stored vitamin Bg, 
and consequently would only regain their maximum weight if this factor, in 
addition to those mentioncHl, were also included in the di(^t. No precise informa- 
tion as to the period required to deplete the pigeon of vitamin Bg is available 
although Carter et at. [1930] suggested that this might exceed 30-35 days. The 
experiments here described substantiate these views. It has been observed that 
birds on a polished rice diet supplemented with vitamin B^ concentrates showed 
marked gains in weight when given protein in the form of caseinogen or gluten. 
These gains in weight are, however, appreciably influenced by the preliminary 
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degree of vitamin depletion. In this connection it may be mentioned that the 
extent of the initial loss in weight is a more reliable guide to the severity of the 
depletion than the duration of this depletion. In those cases where the degree of 
depletion is considerable a failure to reach maximum weight is seen but can bo 
remedied by the administration of vitamin B3 concentrates in the form of ex- 
tracts of plant and animal tissues, particularly of liver and wheat germ. 

Expekimental. 

Method. 

The birds under test were caged singly under conditions which have been 
previously described. Their basal diet consisted of washed and autoclaved 
polished rice (95%), Mc'tJollnm’s salt mixture (5%) and a small amount of grit 
in the form of oyster shell. Every alternate day they were given cod-liver oil 
(10 drops). The source ()f vitamin B| was an alcoholic concentrate from activated 
norite [Kirmersley et al., 1933] which contains, in addition to vitamin Bj, 
vitamin B^ and vitamin B^. Throughout this communication when speaking of 
vitamin Bj concentrates we refer to this impure concentrate. The daily dose of 
this concentrati' was eqiiiv^alent to 10~12 pigeon day doses of vitamin Bj (11*1 
pigeon day doses equal approximately 1 i.u. [Kinnorsley and Peters, 1935]). 
Caseinogen (Glaxo, aleohol-extract/ed) and wheat gluten (Harrington) were not 
ftirther purified and were administcTed in dry form. When the birds rec^eived 
more than one supplement the diffenmt do8c\s were given at intervals of not less 
than 2 hours. 

V^arying degrees of dej)l('ti<jn of the stored vitamins w(^re effected by allowing 
the birds to feed ad libitum on the basal diet for different periods before gi\ing 
thc*m additional supphunents. 

Effeci of vitamin Bj concentraie. 

Th(^ typic^al res}K)nse of pigeons rtM^eiving daily doses of the vitamin B^ con- 
c*u\trate after a period of depletion on the basal diet is a rise in weight which, 
although rapid for a few day.s, reaches a plateau substantially below the maximum 
h'vel for the bird. No further rise in weight is ob8t*pved if the dose of the con- 
(*ontrate is increased to as much as fiO doses per day. This fact has now been well 
established. Prom a study of the influence of the duration of depletion on the 
weight responsK^ of the pigeon to vitamin Bj concentrates alone some evidence has 
been obtained of the need of a further factor or factors. 

The duration of the initial depletion appears to influence the subsequent 
response in weight change to the vitamin Bj concentrate. 43 birds received daily 
12 doses of the vitamin concentrate after an initial depletion {)eriod the duration 
of which varied from 14 to 34 days. In the short, depletion group the body weight 
did not fall l)elow 70 % of the maximum (Group 1), whereas in the long depletion 
group the weight denned below 70% of the maximum (Group 2). The average 
gain in weight for birds of Group 1 is 57 g. as compared with 35 g. for those of 
Group 2. Further, if the vitamin concentrate is administered for a lengthy 
period the weight plateau is not always maintained but may be succeeded by a 
very slow decline, which in some cases may result in almost complete relapse to 
the original depletion weight (Fig, 1). In a series of 10 birds 12 doses of the 
concentrate were given daily for periods of 106-201 days. Whereas the average 
maximum gain of weight amounted to 76 g., the average nett gain over the 
whole period was only 52 g. In two cases, it was observed that the earlier rise in 
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weight was followed by a slow fall which actually resulted in a final nett loss. In 
other birds this decline is present though much less conspicuously, and one bird 
showed an exceptionally large initial rise with practically negligible decline later. 



Kg. 1. Illu»tratcH the response of birds on polished rice to various supplements. At xl, 12 do»<*.s 
of vitamin Bi concentrate; at 12 Bi-f2g. caseinogen; at (\ 12 B, -^2g. caseinogenH- 
vitamin B^ concentrate were administered. 


Effect of vitamin Bj concentrate supplemented with protein. 

Determination of the daily rice intakes of pigeons fed on the basal diet 
supplemented with vitamin with and without added protein have been com- 
pared with the intakes of these birds on whole wheat. The data 8ummaris<*d in 
Table I show that polished rice as a basal diet satisfies the caloric requirements 


Table I. Calorie and protein intake on rice and whole wheat. 


No. of 
birds 

Nature of diet 

Av. daily 
food 
intake 
g- 

Av. daily 
calorie 
intake 
Cals. 

Av. daily 
protein 
intake 
g- 

Bays on 
test 

8 

Rice 4 vitamin Bj concentrate 

26*7 

96*5 

1*72 

23-27 

8 

Rice + vitamin Bj concentrate and 

21*1 

85*6 

3*37 

42-50 

6 

gluten 

Rice + vitamin B^ concentrate and 

21*2 

86*0 

3-38 

14-50 

5 

caseinogen 

Whole wheat 

30*8 

106*9 

3*36 

21 


under our conditions. It is seen that the consumption of polished rice by a bird 
suffices to give an intake of 85-95 Cals, per day; that of whole wheat 105 Cals. 
These figures agree satisfactorily with the values of Sugiura and Benedict [1023] 
of 70 Cals, per day, and of Block et al, [1932] of 52-93 Cals, per day for normal 
maintenance. In the present case the significance of the difference in the caloric 
intake of birds on rice and whole wheat is minimised by the fact that in an experi- 
ment with 6 birds in which supplements of liver fat and rice in doses equivalent 
to 12-35 Cals, were administered no increase in weight was observed with this 
supplement. On the other hand birds on the rice diet supplemented with the 
vitamin B^ concentrate and 2 g. protein ingest 85 ± 10 Cals, per day and show 
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good increases in weight. The daily intake of protein is important. Polished rice 
[Plimmer, 1921 ; Rosenheim and Kajinra, 1908] contains % protein whilst 
whole wheat which forms a satisfactory diet for the pigeon contains 11 % . From 
these figures and the values of the food intakes the daily consumption of 1*2~ 
1-7 g. protein by a bird on polished rice is about 50 % lower than the 3*37 g, con- 
sumed by the bird on whole wheat. That the low percentage of protein in polished 
rice contributes considerabty to the failure of birds to regain maximum weight on 
polished rice supplemented by vitamin concentrate is borne out by experiments 
designed to show the effect of including an additional protein supplement in the 
daily ration. In these ex}>eriment8 we have endeavoured to simulate a diet of 
whole wheat by raising the protein intake to 3*2~3*6 g. per day by supplements 
of caseinogen or wheat gluten. In all cases where the protcmi intake is increased 
there is a further rise in weight above the level reached with the vitamin con- 
centrate alone. This response, however, does not resiilt in full recovery in all 
cases but app(^ar8 to be determined by the intensity of the original depletion of 
stored vitamins. The effect of a supplement has been studied in 70 birds. In 
general birds under test were submitted to a depletion period of varying duration, 
and thereafter each received daily 12 doses of the vitamin concentrate until the 
weight curve showed a definite plateau. A supplement of 2 g. caseinogen or 2 g. 
gluten was administered until maximum weight or a constant weight level had 
been attained. In a few cases the protein supplement was begun simultaneously 
with the administration of the vitamin concentrate. In the case of 6 birds ad- 
ministration of caseinogen was preceded by a short j)eriod during which they 
reccivid certain amino-acid fractions obtained by hydrolysis of caseinogen. The 
data are summariscxl in Table II for caseinogen and gluten respc^ctively. In the 
experiment witli caseinogen it will be seen that for those birds the weight of 
which did not fall below 70% of the maximum during the preliminary depletion 
period full njcovery of weight occurred in 70 % of the cases. The time taken for 
full recovery in these birds varied from- 30 to 60 days. On the other hand only 
46% of those birds submitted to a longer depletion subsequently recovered 
maximum weight with the caseinogen supplement. Among the birds of this 
group, which failed to make full recovery death occurred in 40% of the cases. 
The efficiency of the caseinogen was in no way impaired by autoclaving it at 
120^' for 2*75 hours. Two biids of the long depletion group received daily 2 g. 
autoclaved caseinogen. Bird 043 regained maximum weight witliin the normal 
period whilst the weight of bird 822 was not further improved by the substitution 
of unheated caseinogen. The results with gluten were substantially the same as 
with caseinogen. In the short depletion group no less than 87 % regained maximum 
weight as compared with 44 % for the birds submitted to long depletion. Four birds 
of the short depletion group had been previously used in the corresponding test 
with caseinogen. The weight curves show a close parallelism for the two supple- 
ments. The fact that, when the protein intake is increased by administration of 
caseinogen or gluten, gains in weight are produced, suggests that the inadequacy 
of the protein intake of birds on polished rice constitutes one factor limiting the 
full weight recovery under the present experimental conditions. This confirms 
the conclusion reached from the study of the food intakes on whole wheat and 
polished rice (Table I). 

The failure on the part of some birds, submitted to a long period of initial 
depletion, to respond fully to the protein supplements is open to several possible 
interpretations. Prolonged subjection to a deficient diet may lead to irreversible 
tissue destruction which is not reparable even when a complete diet is substituted. 
This hypothesis is only tenable if a bird which fails to regain weight on the basal 
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Table II. Influence of depletion on the response of pigeons to caseinogen and gluten. 

Short depletion Long depletion 




Wt. at 

Depletion 





Wt. at 

Depletion 




end of 

wt. ex- 





end of 

wt. ex- 



Max. 

depletion 

pressed 

Final 



Max. 

depletion 

pressed 

Final 


wt. 

period 

as % of 

wt. 



wt. 

jK^riod 

as % of 

wt. 

Bird 

g. 

8- 

max. wt. 

g- 


Bird 

g- 

g- 

max. wt. 

g- 






C’aseinogen. 






721 

338 

249 

73 

358 


142 

420 

276 

66 

419“ 

711) 

393 

299 

76 

398 


691 

432 

299 

69 

419* 

186 

370 

288 

77 

370 


297 

392 

254 

64 

386 

689 

437 

335 

76 

447 


296 

360 

220 

61 

368 

733 

422 

331 

78 

470 


518 

340 

222 

65 

340 

683 

397 

296 

74 

393 


914 

324 

207 

64 

310 

426 

380 

.303 

79 

4t>5 


528 

392 

252 

64 

406 

63 

385 

296 

77 

396» 


692 

406 

269 

66 

394 

735 

387 

314 

81 

394^ 


157 

450 

307 

68 

450 

418 

357 

252 

70 

3(t9 


248 

500 

330 

66 

495 

879 

398 

297 

74 

397“ 


613 

332 

212 

64 

338 

736 

340 

243 

71 

350 


833 

328 

216 

66 

323 

157 

450 

337 

75 

437 


643 

284 

192 

67 

281* 

72 

410 

294 

71 

410^ 


579 

495 

272 

55 

455 

722 

443 

318 

71 

392 


445 

426 

261 

61 

408 

289 

440 

330 

75 

388“ 


17 

440 

2,34 

53 

355“ 

190 

500 

377 

75 

440“ 


881 

386 

222 

57 

286- 

299 

400 

280 

70 

3(i9* 


398 

307 

192 

62 

274“ 

247 

428 

314 

73 

39D 


761 

302 

192 

63 

231“ 

287 

474 

345 

72 

433* 


174 

352 

196 

55 

214“ 







66 

368 

220 

60 

271“ 







9 

410 

2(i4 

64 

358 







293 

4rK) 

224 

56 

369 







291 

400 

264 

66 

385 







91 

355 

201 

56 

345 







633 

348 

226 

65 

268“ 







822 

425 

276 

65 

407* 







294 

374 

220 

58 

327 






Gluten. 






721 

390 

292 

77 

434 


733 

rm 

340 

68 

496 

719 

398 

286 

72 

419 


809 

358 

247 

69 

378 

157 

460 

342 

76 

450 


836 

418 

2JK) 

69 

433 

357 

380 

294 

77 

,379 


438 

390 

265 

68 

430 

692 

410 

296 

72 

406 


81 J 

428 

278 

65 

430 

186 

392 

293 

76 

386 


882 

465 

315 

67 

460 

881 

386 

272 

70 

362 


541 

436 

303 

69 

427 

299 

469 

357 

76 

402® 


689 

500 

340 

68 

458 







396 

364 

248 

68 

282“ 







125 

359 

212 

59 

253«r 







912 

360 

246 

68 

314“ 







829 

338 

198 

58 

222“ 







785 

364 

194 

53 

187“ 







831 

352 

230 

65 

223“ 







802 

348 

202 

59 

298 







21 

459 

302 

05 

357* 


^ Amino-aoid fractions of caseinogen given prior to caseinogen. 

* Died during course of experiment. 

* Prolonged period on vitamin concentrate prior to caseinogen. 

* Autoclaved caseinogen given prior to caseinogen. 

® Gliadin supplement given prior to administration of gluten. 

® Glutenin supplement given prior to administration of gluten, 

diet fails also when placed on a whole wheat or mixed com diet. It is also 
possible that unpalatability of the basal rice diet may produce a restriction in 
the food intake with the consequent failure to attain maximum weight. Although 
some reduction of the caloric intake has been observed in birds on rice as com- 
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pared with those on whole wheat, it seems unlikely that mere unpalatability of 
the diet will accx)unt for the incomplete weight recovery, since the majority of the 
short depletion birds are fully restored to maximum weight and in the case of the 
females, the diet meets the requirements of egg laying. There remains the pos- 
sibility that prolonged depletion has produced a deficiency of a factor which we 
here call vitamin B 3 . If this is the case, birds which have failed to regain maxi- 
mum weight when supplied with vitamin and protein, should do so when 
vitamin Bg is administered. 

The effect of vitamin Bjy vitamin B 3 and protein. 

Three ty})eH of extract have been used in these exj^^rirnents. Preparation A 
was obtained os follows : 2 kg. of sheep-liver fresh from the slaughter house wore 
finely minced and treated overnight with 81. 97% alcohol. After filtering the 
clear yellow solution the liver residue was again twice extracted with alcohol and 
the combined filtrates concentrated in vacuo at 40-50^^ to a small volume. During 
this ])roccRS a considerable araoiint of lipoid material separated out. The extract 
was now shaken rt‘peat-edly with ether until the ether remained colourless, and a 
wiiite solid sejmrating during this treatment was filtered off. The syrupy yeUow’ 
fluorescent liquid (yjreparation A) was administered in amounts equivalent to 
5~10 g. of original wet liver. The ethereal solution of fats was freed from ether 
and taken up on polished rice (preparation B). It w^as administered in doses of 
0‘5-]-5g. The tliird preparation C w^as obtained by submitting dry powdered 
liver, pr(‘viously extracUd with 97 % alccihol, to mild hydrolysis with iV/lO HCl 
for IK) min. The hydrolysate was filtered hot and afU^r neutralisation was given 
in doses equivalent to 5-10 g. dry powder. It w'as prepared fresh daily to prevent 
loss of vitamin Bg potency (O’Brien, 1934]. Table III summarises data which 
illustrate the vitamin Bg activity of these preparations. The birds used in the 

Table III, Influence of liver preparatmis. 

\Vt. befort* and Duration 
after admiiiistra- of liver Av.gain 


Bird 

Max. 

wt. 

g- 

Nature of supplement 

tion of liver prep. 

supple- 

ment 

days 

Cain 
in wt. 
g- 

in wt. 
jier day 
g- 

722 

442 

CJaseinogeii 2g. alcoholic e.\ tract of liver 

371 

420 

8 

49 

6'1 

*^9 

410 


335 

389 

7 

54 

7*7 

722 

442 

Caseinogen 2g. -r preparation A 

411 

445 

30 

34 

M 

"9 

467 

»» ♦» 

382 

442 

35 

60 

1-7 

579 

495 

♦» 

449 

478 

13 

29 

2-2 

147 

475 

»> nil 

329 

426 

41 

97 

2-3 

641 

430 

♦ 1 

408 

452 

ll 

44 

4-0 

802 

348 

(Uuten 2 g. + pn^yiaratiun A 

298 

315 

14 

17 

l-2» 

579 

495 

Caseinogen 2g, + preparation C ( 35g. dry liver) 

449 

478 

13 

29 

2*2 

147 

475 

1 * 

427 

486 

21 

59 

i'8 

147 

475 

M „ 

434 

464 

12 

30 

2-5 

722 

442 


434 

460 

4 

26 

6-5 

722 

442 

Caseinogen 2g., rice 2g. f preparation B 0*5g. 

369 

371 

19 

2 

Nil 

9 

410 

»» »» 

340 

335 

19 

~ 6 

Nil 

722 

442 

Caseinogen 2g., rice 2g. 4^ preparation B l*5g. 

420 

411 

32 

- 9 

Nil 

823 

334 

Vf f e 

222 

217 

17 

- 5 

NiP 

883 

384 

tv ff 

286 

280 

13 

- 6 

NiP 

809 

358 


261 

262 

17 

1 

Nil 

812 

344 

tt tt 

238 

247 

tl 

9 

1-5* 

880 

400 

I* tt 

264 

248 

5 

-16 

NiP 


^ Bubsoquently regained inaximuni weight without liver supplement. 

* Died during course of experiment. 

Not». All birds received oasal rice diet and 12 doses vitamin Bj daily. One bird failed to respond to 
preparation A or subsequently to wheat. 
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tests had maintained a stationary weight for 20-60 days before the administra- 
tion of the preparations. 

In a preliminary test birds 722 and 9 were given doses of a crude alcoholic 
extract of liver. During the course of this test, which was not continued until 
maximum weight had l^en established, the high daily average gain in weight of 
6-8 g. was observed. Tests performed with the ether-soluble fraction, prepara- 
tion B, and the aqueous fraction, preparation A, showed clearly that the activity 
was concentrated in the latter. Thus preparation A gave daily gains in weight 
of 1-4 g. during the period of testing for 6 birds. Bird 445 which failed to rise in 
weight was an exception and did not respond subsequently to whole wheat. In 
3 birds tested, the experiment was continued until maximum weight had been 
established. Reparation C also showed considerable activity in spite of pre- 
liminary extraction of the fresh liver with alcohol. The observed inci-ements in 
weight though small are in our experience significant particularly since the 
growth rate is slow when a bird approaches its maximum weight. It was hoped 
that a more potent preparation might be obtained from autolysed liver. We have 
found, however, little or no activity in preparations of this type. The extracts of 
vitamin B3 used in these experiments contained amounts of the antineuritic 
factor which would increase the dose of the vitamin given daily by 7-14 units. 
Our experience of the effect of the daily administration of 20-30 doses of 
vitamin Bj leads us U) conclude that the activity of our liver preparations cannot 
be explained in terms of their v^itamin Bj content but is due to the presence of 
vitamin B3. It is to be noted that the vitamin B3 effect of those concentrates 
fully manifests itself only when the birds’ intake of protein is adequate. For in 
an experiment with 4 birds on polished rice supplemented with vitamin B^, 
doses of liver extract equivalent to 20 g. liver prodiund rises in weight of 0*5- 
1*5 g./day which are distinctly lower than the initial daily increments observed 
in birds of short depiction on polished rice when caseinogen is added. 

The storage of vitamin B3 . 

The evidence presented suggests that significant depletion of vitamin B3 only 
becomes manifest when the body weight has fallen Ixdow 70 % of the maximum. 
In most birds this stage is reached within 25-35 days, i.e. after a period rather 
longer than is required to deplete the reserves of the atitineuritic vitamin. The 
depletion on polished rice is not complete since in all cases studied some weight 
recovery is made when protein is added to the diet. Nevertheless, the rate of 
depletion of vitamin B3 may be influenced by the multiple deficiencies of polishexl 
rice. Thus, a different picture is obtained if the birds, originally at maximum 
weight, are placed on a diet complete in all known dietary constituents except 
vitamin B3 . Siuh a condition is approximately attained if the bird at maximum 
weight is transferred from wheat to our basal diet supplemented with vitamin Bj 
and protein. 18 birds have been maintained under these conditions for periods 
of 52-146 days. In some of these cases the bird had previously risen to maximum 
weight without addition of the livc^r supplement ; in others this had been given to 
establish maximum weight. Weight at this level without additional vitamin B3 
is not fully maintained (Table IV). The decline which occurs, however, is very 
gradual and is of a different order from that seen in birds on polished rice alone. 
In certain cases a vitamin B3 preparation was given at the end of the maintenance 
period. Recovery to maximum weight then occurred (Table V). It would appear 
that the reserves of vitamin B3 in the bird are held in some &mly bound state 
and are only liberated as the result of tissue disintegration such as occurs on a 
diet involving multiple deficiencies. 
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Table I V. The decline in weight of birds cm a diet of rice, vitamin Bj and 

protein. 

Typical caae» from a group of 18 birdH. 

Duration 





Maximum 

Final 

Loss in of main- 




wt. 

wt. 

wt. 

tenance 

Bird 

Naturo of previous diet 

g* 

g- 

g- 

days 

722 

Rico 4“ vitamins Bj and Bg and easeinogen 

450 

424 

35 

72 

147 

Rice 4- vitamins and Bg and easeinogen 

4.54 

434 

20 

70 

142 

Rice 4- vitamin Bj and easeinogen 

420 

404 

15 

58 

157 

Rice 4- vitamins B. and B- and gluten 

445 

427 

19 

75 

733 

Rice 4 - vitamin \\ ami gluten 


497 

455 

42 

91 

185 

Rice 4 - vitamin B,^ and glutt'u 


385 

359 

17 

53 



Table V. 






Wt. at end of 

Wt. after 



Duration of 


maintename 

vitamin Bj 



vitamin B, 


period 

addition 

Gam in wt . 

addition 


Bird g. 

g- 


g- 


days 


248 475 

489 


14 


13 


2iH) 345 

353 


18 


4 


185 359 

385 


17 


9 


291 385 

382 


~3 


9 


7.33 441 

484 


43 


52 


157 424 

450 


25 


22 


Discussion. 

The (‘xxxTimeiits deserilKHi inilicatt^ that the daily consumption of rice by a 
pigeon doe'8 not suffice to ensure an intake of protein which is adequate to 
restore and maintain maximum weight. This conclusion is subject to certain 
qualifications. In the first place, it has Ix^en assumed that the supplements of 
easeinogen and gluten carry no significant amount of any essential dietary con* 
stituent other than protein. The necessity for additional protein is shown by the 
fact that birds after depletion on jX)li8hod rice show initial gains in weight of 
0*5-1 *5 g./day when given liver extract alone as compared with initial gains in 
weight of 5-10 g. when receiving easeinogen in addition. Secondly, while we 
believe that our experiments allow us to conclude that limitation of protein 
rather than total caloric intake is one of the factors which prevent full weight 
recovery on polished rice, the evidence does not differentiate between limitation 
of protein per se and a deficiency of some specific amino-acid. Experiments 
bearing on this point are still in progress. Thirdly, the response to an adequately 
adjustoi prottnn intake is only partial or may be altogether absent if the pre- 
liminary period of depletion on polished rice results in a fall of weight below 70 % 
of the maximum. In such cases recovery is limited by the appearance of a 
deficiency of vitamin Bg which is wholly or largely lacking in the diet. Tliis 
deficiency can be (jorrocted by the administration of vitamin Bg in the form of 
extracts of liver. Our experiments, therefore, seem to indicate that two factors 
at least are necessary to promote weight restoration in pigeons on polished rice 
supplemented with vitamin B^ : (a) protein in adequate amount and (6) \itamin Bg . 


SUMlttABY. 

1 . Pigeons on a polished rice diet supplemented with vitamin Bj concentrates 
alone show an early rise in weight which may be followed by a slight decline sug- 
gesting deprivation of a stored factor or factors. 
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2 . Comparison of the food intakes of birds on such a diet and on whole 
wheat shows that although the caloric intake of the bird is satisfactory for its 
normal maintenance, the amoimt of protein ingested is inadequate. 

3. It is shown that this deficiency of protein in polished rice can be remedied 
by the addition of caseinogen or gluten to the basal diet whereby a recovery in 
weight is produced. 

4. The extent of this recovery varies with the degree of depletion of a stored 
vitamin factor, namely vitamin . 54 % of the birds subjected to long depletion 
periods fail to regain tlieir original maximum weight when receiving a vitamin 
concentrate and protein alone. 

5. This failure to rise in weight is remedied by the addition of vitamin B 3 in 
the form of liver concentrates to such diets. 

The authors wish to thank Prof. Peters for his continued cncouragem('nt and 
advice. One of us is indebted to the Medical Research Council for a personal 
grant. 
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1. IkTR01> ACTION. 

The determination of the free ammonia of circulating blood lias long been 
regarded a^s one of outstanding difficulty. The early lik'rature, dating from the 
rosearches of Neneki [Nencki ef ah, 1895; Nencki and Zaleski, 1901] has been 
reviewed elsewhere [e.g, Parnas and Heller, 1924; Pamas and Klisiecki, 1926 
etc,]. Folin and Denis [1912] were the first to find values under 0*10 mg. am- 
monia-N jx^r 1(K) ml. If the special conditions likely to affect a determination be 
not taken into consideration it is possible to obtain results as high as 2*0 mg./ 
100 ml. and many published results are of the order of 0*3 mg./lOO ml. A value 
of about 30y (0*03 mg.) per 100 ml, has been considered to represent the free 
ammonia-N in circulating luiman blood. It will be shown however that the true 
value is in fact less than one-tenth of this, or less than one part in tliirty millions. 
There are certain reasons why this fact has hitherto escaped obser\'ation, and why 
when this low value was suggested by Henriques and Gottlieb [1924] and by 
Fontes and Yovanovitch ( 1925] on quik^. insufficient grounds, it was then with 
good reason believed to l>e erroneous (Pamas and Klisiecki, 1926], In the first 
place the m(*thods used did not pennit of the ready accumulation of data within 
the first few minutes after shedding. It was therefore not noticed that the blood 
ammonia formation was ri^presented by a steep curve which terminated at about 
the fifth minute. Also the blood was not received directly into a carbon dioxide 
atmosphere, and maintaim^ there for subsequent analysis; in this way only 
is the initial rapid formation abolished and the blood ammonia held at its true 
value for a certain time after shedding. 

Methods hitherto in use for blood ammonia determination are either develop- 
ments of the original Folin technique [e.gf. Nash and Btuiedict, 1921, using special 
absorbers] or a steam-distillation method elaboratt'd by Pamas and Wagner 
[1921]. The ammonia from 5 ml, blood — or 2 ml. with the Pamas method — is 
finally present in about 4 or 5 ml. fluid. It is then determined colorimetrically 
after adding Nessler’s reagent. With regani to the possibilities of nesslerisation 
Van Slyke and Hiller [1933] state in a recent paper that amounts of ammonia-N 
corresponding to 0*02 mg, ammonia-N per 100 ml. (obtained from 5 ml. blood) 
are not ** visible at ail with Nessler’s solution’'. This represents a dilution of 
0'(X)1 mg. ammonia-N in 6 ml. Pamas and Heller [1924], on the other hand, 
speaking of the same volume of fluid say *'man kaim bei der Analyse von 2 cem 
Blut unterscheiden, ob der Ammoniak^halt etwa 0*045 oder 0*060 mg. in 100 
com Blut betrfifgt^\ They can in other words distinguish between a dilution of 
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0-001 mg. and 0-0009 mg. ammonia-N in 5 ml. Comparing these two statements 
it will be noted that marked differences in the reagent sensitivity were found. 
This may be attributed to some difference in the composition or manner of 
preparation of the Nessler's reagent. Van Slyke and Hiller make use now of a 
reagent attributed to Bcrthelot by Thomas [1912; 1913J who first utilised it for 
quantitative determination. The reagent is an alkaline solution of phenol and 
hypochlorite which on heating with ammonia gives a blue colour. It appears to 
be more sensitive than the Nessler’s solution. 

In the method to be described the ammonia is finally present in about 0-7 ml. 
of standard acid (0'0(X>2 JV HCl in which is incorporated 20% alcohol and 
methylene blue and methyl red) . In determining this ammonia a titration method 
is used. A definite change at the end-point is clearly visible to any ordinary 
observer on the addition of alkali corresponding to 0-00003 mg. ammonia-N. 
With the method used for the ammonia absorption this will correspond to 
0-006 mg. (6y) ammonia-N per 100 ml. The alkali used is 0-0005N barium 
hydroxide. The titration error sets the limit of delicacy for the determination 
since no appreciable error is introduced by the ammonia absorption itself. 
Practice with the method enables this error to be still further reduced. The 
titration is carried out with a sp(5cial burette [Conway, 1934] which delivers 

0- 1 ml. with the same accuracy as the standard 2 ml. Bang pipette delivers 

1- 0 ml. or the standard 50 ml. burette delivers 15 ml., namely with a coefficient 
of variation of 0-12 % . 

When titrating 0*0002 N acid under the above conditions the standard devia- 
tion is directly proportional to the volume at the end-point and may l)e stated as 
1-42 X 10*“® millimols per ml. For 0*7 ml. acid with 0-9 ml. at the end-point this 
corresponds to 0-018y ammonia-N. For 5 ml. it would correspond to 0-13y. 

This figure for the standard deviation is rcadity reproducible with the 
described conditions. Theoretically a reduction of the error to about one-third 
of this, but no further, remains as a possibility [Conway, 1934]. 

In the present method the liberation, absorption and determination of the 
ammonia are all conducted in the one small glass “unit’*, the ammonia being 
absorbed in about 0-7 ml. of standard acid.^ There is no aeration or distillation. 
Each “unit” corresponds to the complete apparatus of other experimentfjrs. 
This “unit” has been already described in a previous communication [Conway 
and Byrne, 1933], It is similar to a small Petri dish with thick walls from the 
floor of which a circular inner wall arises to about half the height of the outer. 
When ex)vered with a glass lid smeared with a suitable fixative (here a mixture 
of pure solid and liquid paraffin) the “unit” forms a closed compartment 
with iimer and outer chambers. In the centre is placed for the present 
determination about 0-7 ml. of standard acid, accuratt^ly measured, the outer 
chamber containing the blood and potassium carbonate. The ammonia passes 
by simple diffusion into the central chamber. In the ordinary use of the “unit” 
absorption at room temperature takes 2 hours under such conditions, which is 
too long a period for blood ammonia determinations as there is a steady forma- 
tion of ammonia in the pw^sence of the alkali. When we consider however that 
each “unit” is turned out from the same mould with the same dimensions and 
surface relations, and further, that since after the first few seconds the fluid 
surfaces are perfectly still a uniform passage of ammonia may be expected and in 
fact occurs. An error of less than 6 % is introduced by cutting short the full 
absorption, and for the present determination this is of no consequence. Whatever 

^ “Units’* of standard size are now available from Messrs A. Oallenkatnp, Fmsbncy Square, 
London. 
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accuracy may be lost here is more than compensated for in comparison with 
other methods by the entire freedom from contamination during the absorption 
period. In about 10 min. 50 % of the ammonia is absorbed at room temperature 
and in 15 min. about 66 % . Either of these times may be selectt^d or any inter- 
mediate time. The ammonia formation in the presence of the alkali over this 
period is very small. The exact correction for this ammonia as well as the factor 
for calculating the complete absorption may be read from a table or curve (see 
Table 1). 

The determination of blood ammonia by the present method offers in the 
opinion of the writer little more difficulty than that of an ordinary ammonia 
det>ermmation when the “units'’ have l)een adc^quately cleaned and after the 
blood has been collected. The manner of collecting the bl<x)d is liowever of the 
greatest importance. Collected straight from the vessel through a paraffined tube 
into an atmosphere of alveolar air or of pure carbon dioxide, human venous blood 
has practically no free ammonia. 

The importance of collecting in a carbon dioxide atmosphere was first 
appreciated from a study of a large number of analysers of human blood collected 
from a vein din^ctly through a hypodermic needle (without springe) into a small 
paraffined Erlenm(\ver flavsk. This would corresjwnd to the ordinary manner of 
collecting — the blood falling through air. 

The concentration of blood ammonia plotted against the time of shedding 
showed a stec]) rise in tlu* first few minutes reaching then the level of concentra- 
tion hitht'rto accepted as rcprescuiting the normal concientration in the circulating 
blood. After 3 min. the change of concentration entered upon the slow and 
somewhat uniform rise described by other workers [e.g. Pamas and Heller, 1924]. 
If the first curve were f‘xtrapolated to zero time it passed directly through the 
origin. If tlie second were extrapolated it out the ordinate at 38y ammonia-N/ 
l(K) ml., a figure of about tlu^ same ortler as that given by Parnas as the normal 
content of ammonia in circulating human blood. From a consideration of the 
results it was thought that the initial stages of ammonia formation after shedding 
were most probably linked with the corresponding sudden fall in carton dioxide 
tension and content of the blood, a hypothesis which proved to be correct on 
examination . It is very likely therefore that the first stage of ammonia formation 
is linked wdth the breakdown of a earbamino-comjwund, since the slight change 
of Pii can scarcely be held to a(*count for so marked a difference. 

II. Prockotjke of the deteemination. 

Preparation of the ''units''. 

The whole success of the determination depends on the careful cleaning of the 
“units". This procedure however may to quite simply and effectively carried 
out. The special cleaning of the units " for blood ammonia determination should 
begin on “units" cleaned and dried in the ordinary way [Conway and Byrne, 
1933] or cleaned and stored in weak acid. A little ether is poured into the centre 
of a “unit" and then discarded, or if the “unit" is taken from weak acid it is 
treated with alcohol and ether. The whole ‘ ‘ unit " is now filled with approximately 
0*CM)5 N H 2 SO 4 and kept 1 hour. The acid is then discarded and the “unit" well 
rinsed with tap water and subsequently a few times with distilled water, the last 
drops being shaken out and the “unit" allowed to dry in air, or if not required 
that day fiUed with distilled water. With this simple routine excellent results are 
obtainable from the beginning. Where the “units " have been stored in weak acid 
further soaking may seem redundant. In practice however the routine outlined 
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will probably be found the safest, owing to the occasional inadequate soaking of 
crowded “units'*. We have found the ordinary laboratory distilled water quite 
suitable for use. It should however give an approximately neutral tint with 
methyl red-methylene blue indicator. Pyrex lids are cleaned at the same time 
and washed with distilled water, being dried in air or with clean filter-paper. 

Into the central chamber of each dry “unit” is now run 0-7 ml. of 0*0002iV 
HCl (in which is incorporated methyl red-methylene blue indicator and 20 % 
alcohol — see below). The acid is delivered from a straight-tube pyrex pipette 
without blowing, the tube being marked at 0*7 ml. approximately and drawn out 
at the end. It is standardised for exact delivery without blowing out. Into the 
outer chamber is delivered in a similar manner 1 ml. of saturated f**^**^ ^ 

similar pipette with 1 ml. mark. A pyrex lid smeared with the fixative (a mixture 
of pure liquid and solid paraffins as described below) is placed in ix)sition and the 
“units” so treated an^ left for 30 min. Any final traces of ammonia in the 
carbonate or “unit” will have passed within that time into the central chamber. 
The ammonia blank value should not exceed 0*ly ammonia-N. 

The collection of the blood. 

The manner of collection will depend on the nature of the investigation. If 
the real concentration of free ammonium ions in the circulating blood is required 
the blood must be received into a carbon dioxide atmosphere. For this purpose 
alveolar air will suffice. In the present determinations a hypodermic needle was 
inserted into an arm vein. A tube coated with solid paraffin internally was 
attached to the needle by the minimum quantity of rubber tubing at the joint, 
the rubber being also coated. The first few drops of blood were discarded and 
then the collecting tube dipped down to the end of a tonometer of about 3<Xl ml. 
capacity lined internally with solid paraffin and filled previously with alveolar 
air, and containing a little ammonia-free 2 )otassium or lithium oxalate. After 
collecting the required amount the tube was at once removed, alveolar air again 
introduced, the tonometer finally stoppe^red and the blood mixed. The alveolar 
air was first passed through two small wash -bottles, the first containing weak 
acid and the other serving as a trap. It is powssible that this procjedure was un- 
necessary, but it ensured freedom of the air in the tonometer from ammonia. 
Where pure carbon dioxide was employed it was delivere^d into the tonometer 
from a cylinder after passing through two similar wash-bottles. 

The amnmiia determinations. 

When introducing the blood into the “unit” 1 ml. is removed from the flask 
in a long pyrex pipette similar to those previously used and delivered into a 
“unit” without blowing. The “unit ” for this puri^se is slightly tilted by resting 
on a spare lid, the exact delivery time being noted. The pipette should deliver 
the blood rapidly. After the introduction of tlu) blood the slightly detached lid is 
clostMi at once and the fluids mixed by rotating about 20 to 25 times. After 
10-15 min. the lid is removed and the acid titrat^ed with 0*0005 N Ba(OH) 3 i 
solution from the burette already described [Conway, 1934], The strengths of 
acid and alkali given are suitable for blood concentrations up to 0*2 mg. 
amraonia-N/100 ml. 

Calculation of the result. The standardisation of the burette divisions iu terms 
of ammonia titrated may be mode from the alkaline or acid side. The 0*0006 N 
Ba(OH )2 remains quite stable over a long period in the little reservoir bottle of 
the burette. No deterioration has been observed after a fortnight, provided that 
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the contents of the deJivery tubes are firstly run out before a series of titrations, 
so that the alkali used in titrating has not long left the reservoir tottle. The 
barium hydroxide is made up at the beginning from distilled water which gives 
the same reaction as the desired end-point. Traces of carbonate in the water do not 
interfere with the titrating alkalinity. The delivery volume of the burette is then 
given by a constant factor, the ammonia absorbed being calculated with the aid 
of Table I. 


Time alluwcii 

Table I. 

Allowance for the extra 
ammonia produced in 
the preRcnce of the 
alkali and absorbed 

Factors for obtaining 

for absurption 

in the time allowed 

the full absorption of 

min. 

y ammonia-N 

the blood ammonia 

JO 

0 02.5 

1*95 

11 

0020 

1*84 

12 

0*035 

1*74 

13 

0*040 

1 *00 

U 

0*040 

1*59 

15 

0*052 

1-52 

Ui 

0*059 

1*40 

17 

0*005 

1*42 

18 

0*071 

1*38 

10 

0*078 

1*34 

20 

0*084 

1*31 


Tb»* above <lata art* vah<l fur the ‘•unit" of dirneuMions doHcribed in a previous commumcation 
[(Jonway and Bvnu% They apply to the addition of J ml. blood to 1 ml. saturated potassium 

earboiiate at 18'. Fur other tem|>eratures the absorption factor in the third column is decreased 
2 for each increase of I . Whert‘ the rot^m tempc^ratuix* differs bv uiorc‘ than a few degrees from 
the standard tenijKuaturc it is well to kt^c^p to the shorter absorption times since the allowance for 
the ammonia prodinrd in excess in the presence of added alkali is then verv small, and changes 
therein will have only a slight influcuce. 


Example: J ml. of blood analysed at room temperature of 18\ 


Blank value ... ... 

Each cm. on burettes scale 

Filled unit titrated after 1 1 min. 

All Iowan ce for ammonia produced and absorlK^d in 
pre.sence of the alkali over 11 min. (see Table 1) ... 
Factor for full ammonia absorption corre8y)onding to 
11 min. (see Table I) 


21*7 cm. on scale 

0- 070y aramonia-N 
19*6 cm. 

()*029y aramonia-N 

1- 84 


Ammonia-N in 1 ml. blood is therefore 


{(21-7 - 19-6) X 0-070-0-029} x 1-84 - 0-217y. 

Ammonia-N/lOO ml. is therefore 21-7y {0*0217 mg.). 

The absorption factors in column 3 of Table I an^ in experimental and theo- 
retical agreement with the equation 

where x is the fraction of the total a absorbed after the time t. (The equation has 
the same form as that for a unimolecular reaction.) .For the computation of the 
figures in column 2 the formation of ammonia in the presence of the alkali has 
been experimentally determined for human blood as 0-0088y ammonia-N per 
min. The amount absorbed from this cause could be simply determined without 
very appreciable error by regarding half the amount formed during the period 
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to be present as an initial concentration. It may be more accurately determined 
from the equation 

where x is the amount absorbed in time t, is the constant expressing the rate 
of formation, namely 0-0088y per min. and the absorption constant or 0*072. 
The values calculated will depend as before on the temperature, but for the 
shorter times this effect can be neglected. 

Notes cm solutions required. 

0^0002 N HCl containing reagent. This is made from stock 0*01 N acid, 
and stock reagent formed from 50 ml. of 0*1 % methylene blue in alcohol and 
200 ml. 0*1 % methyl red in alcohol. The stock reagent is stored in a brown 
bottle and keeps indefiniti'ly. 2 ml. of the reagent are run into a 200 ml. 
volumetric flask and 40 ml. of pure alcohol. Distilled water is added to within 
about 5 ml. of the mark and the mixture brought to the end-point colour 
(complete absence of reddish tint) by dropping in approx. 0*01 Y BalOH)^ from 
a 1 or 2 ml. pi}>ette. 2 ml. of the stock 0*01 N acid are now added and the mixture 
brought to the mark with distilled water. The distilled water Uwsed should have 
the reaction of the required end-point or deviate but little from it. 

0 00051^ Ba{pH) 2 . Thi.s is formed by pipetting 2*5 ml. of 0*2 N Ba(OH)2 {or 
5 ml. of 0*1 i\^) into distilled whaler in a litre flask and making up to the mark. 
The burette reservoir is filled at once with this solution and will remain for a long 
period quite unchanged in strength. When the burette reservoir is filled and 
attached etc, the solution may be allowred to settle overnight. 

Saturated K 2 COS . A large stock of saturated carl>onate is made up in the 
ordinary way. About 2()f> ml. are decanted into a pyrex Erlenmeyer flask with 
glass stopper and some beads added. Tliis alkali is boiled vigorously for about 
20 min. If much water is lost it may be made good by addition. On cooling some 
solid crystals of carbonate should be in evidence. 

Oxalate (ammonia-free). About 50 ml. of a strong solution of potassium oxalate 
are evaporated in an open pyrex dish after bringing to 10 or 11 by adding a 
little alkali, the reaction being tested by a universal indicator. The water volume 
is maintained by occasional addition. The mixture is kept boiling for about 
10 min. and then evaporated until the solid separates ; after cooling the crystals 
are filtered off on a small Buchner funnel and preserved in a desiccator. 

Thefixative, The same fixatives is used as described for chloride determinations 
[Conway, 1935]. 40-50 g. paraffin, m.p. 49"", are melted with 80 ml. of pure liquid 
paraffin and cooled. Vaselin should not be used as it contains traces of ammonia. 

Stock ammonia standard. 0*471 g. of pure (N 114)2804 is dissolved and made 
up to a litre with distilled water. 0*1 or 0*2 ml. etc. of this diluted to 100 ml. 
correspond to 10, 20y etc. of ammonia-N/100 ml. 

Ammonia-free water. This may be made up in the usual manner by distilling 
dilute sulphuric acid and discar^ng the middle j>ortion of the distillate. The 
distilled water of the laboratory was in fact found to be almost perfectly free 
from ammonia. 

III. Expebimental, 

Blank values. 

A series of 24 blank determinations was carried out with the above technique, 
and standard solutions. The mean of the series (Table II) gave 21*4 cm. reading 
on the burette sc/ale, corresponding to 0*214 ml., the tube being calibrated to 
0*001 ml. divisions. Direct titration of the acid gave a moan value of 22*3 cm. 
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Table II. 


Burette reading 

Deviation from the 
mean value 

cm. 

cm. on scale 

21-8 

+ 0-4 

21-4 

0-0 

21-6 

+ 0-2 

21-5 

fO-l 

21-3 

-01 

20-6 

-0-8 

21-8 

+ 0-4 


Deviation from the 
mean value as 
y ammonia-X 

-r 0 028 

0‘0(K) 

+ 0-014 
+ 0‘tM)7 
-0007 
- O-OoO 
+ 0-028 


The table gives the first seven of a series of 24 blanks. Omitting one alw-rranl value the 
standard deviation is 0-20 cm. or 0-02 ly ammonia-N, a figure praetieally the same as that resulting 
from immediate titration of a succ-ession of acid deliveries when expressed in the same manner. 


The standard deviation of the individual blank titration, omitting two aberrant 
results, was 0-30 em., corresponding to 0*021y ammonia-N. The standard devia- 
tion for the titration procedures (tarried out directly with a succession of deliveries 
in the one unit is 0*01 8 y N. The blank values therefore show no significant 
diflerenct^ from the titration itself with regard to variability, and art' in this 
senst** theri'fore practically pcTfect. Table II gives the first seven blank titrations 
of the series. Omitting the two ab<‘rrant results 20 of the remaining 22 blank 
v^ahu*s did not exof'cd 0*4 cm. dt'viation from the mean, corresponding to 0*028 y 
N, and tin* gn^atest deviation was 0*8 cm. or 0*050 y ammonia-N. 


Deter mhuU ions of standard solulicnis. 

From the stock (NH4)2804 described above a number of standards w'ere madt^ 
up as re({uired containing 10, 20 and l(K)y ammonia-N /TOO ml. respectively 
(0*1, 0*2 ml. of the stock made* up to 1(K) ml.). Table III gives a summary of the 


Table III. ^Standard solutions. 


Strength of starularil used 

No, of 

Standard deviation 
of the individual 
determination 

Maximum deviation 
of a single determina- 
tion from theoretical 

y ammonia-N /UK) ml. 

detenu mations 

y ammonia-N/ 100 nil. 

y ammonia-N/ 100 ml. 

lO-O 

11 

3-5 

7-5 

20-0 

8 

4-7 

8-1 

100-0 

o 

0-9 

8-8 


Table IV. Determinations of the standard lOy amnwnia-N j 100 ml., 
absorption being terminate after 10-16 min. 


Burette 
reading 
subtracted 
from blank 

Time of 

Ammonia 

Theoretical 
value for the 
absorption 
time 

Difference from 

Ammonia-N 
found in 
standard 

value 

absorption 

absorbed 

theoretical 

y ammonia- 

cm. 

min. 

y ammonia-N 

y ammonia-N 

y ammimia-N 

N/l(K)ml. 

M 

10 

0-077 

0*051 

-- 0-026 

15 

0-7 

11-5 

0-049 

0056 

+ 0-007 

9 

1-0 

12-5 

0-070 

0*059 

-0-011 

12 

0-8 

13 

0*056 

0*060 

-f 0-004 

9 

0-7 

14 

0-049 

0*063 

+0-014 

8 


The blank value for the above table waa determined as the average of five results. The table 
gives the first five of a series of eleven determinations of the standam 10 y ammonia-N/ 100 ml. 
using the method of suspended absorption. The standard deviation of a single amnionia absorption 
in the unit fmm the theoretical is O-OlTy ammonia-N. Tliis may be compared with 0*0 18 y for the 
titration procedure itself and 0*021 for the blank values. The standard deviation of the individual 
determination of the ammonia content in the standard is 3*5y ammonia-N/lOO ml. 
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results obtained, from which it will appear that the accuracy of the determina- 
tions is only limited by the titration error, the ammonia absorption itself giving 
rise to no appreciable error. Thus, for the 10 determinations of 1 ml. of the 
lOy/lOO ml. standard given in Table IV, 9 of the 10 did not deviate from the 
theoretical quantity of ammonia expected by more than 0*026)/ which is a result 
nearly identical in value for the blank determinations or in turn for that of the 
pure titration error. The standard deviation of the ammonia divergence from the 
theoretical for these lowest det€Tminations is in fact 0*01 7 y ammonia-N, which 
compares with 0*018 for the pure titration and 0*02 for the blanks. The difference 
between these values is merely an expression of sampling error. 


The absorpiion rate of ammonia from blood-carbonate mixture. 

It was expected before investigating this rate that some divergence would be 
found from that of standard solution-carbonate mixture. Such divergence 
however would be of a constant nature and expressible by a factor or incor- 
porated in the factors of Table I. Two experiments carried out to determine the 
point gave results however showing no appreciable divergences (Table V). In 
these experiments 0*2 ml. of standard (N 114)2804 containing 2*24y or l*12y 
ammonia-N was introduced into the empty outer chamber of a “unit'\ tlie 
central chamber containing the acid as before, 1 ml. of freshly shed blood 
(10 min. aft<‘r shedding into an open vessel) was introduced, the lid placed in 
position and 1 ml. of saturated carbonate then run in etc. The absorption was 
terminatixi after 10 min. and the acid titrated. A similar experiment was set up, 
water being substituted for blood ; also cx)iT08ponding blank experiments using 
0*2 ml. water instead of the standard (NH4)2S04. From Table V it will appear 

Table V. Absorption rate of ammonia from carbonate -blood mixtures. 


Contents of outer chamber before 
adding 1 ml. saturated 

Ammonia 

added 

yN 

cm. on burette 
subtrat‘ted 
from blank 

Rate of ammonia 
absorption ]:kw y 
NHj, N added 
cm. j>cr 10 min. 

1 ml. blood plus 0-2 ml. standard 
ammonia solution (0*t)0e8JS’) 

2*24 


5-9 

1 ml. blood plm 0-2 ml. standard 
ammonia solution (()-OOC4*V) 

M2 

0-4 

5*7 

1 ml, water plus 0*2 ml. standard 
ammonia solution (U-0(M)4.y) 

M2 

<b(> 

5-9 


Corresponding blank values. 

1 ml, blood pUfi 0-2 ml. water 0 00 18-2 

1*2 ml. water 0 00 21*8 


The absorption for the above experiments was terminatejd after 10 min. Duplicate determinar 
lions were carried out in each case. In the experiments above the carbonate was added at onee 
after the mixing of blood and standard ammonia solution. 


that the percentage of the added ammonia absoi'bed after 10 min. is the same 
with blood as with water, within the error of the determination. In these experi- 
ments the added ammonia was only in momentary contact with the blood before 
addition of the alkali. It is to be noted that the total outside fluid before the 
carbonate addition was 1*2 ml, so that the absorption rate is slower than where 
only 1 ml. is present [see Conway and Byrne, 1933]. 
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The effect of saturated 'potassium carbonate on the ammonia formation in 

shed blood. 

In determining this effect 25 ml. of recently shed blood from each of two 
subjects were mixed with 25 ml. of saturated K^COg in a 50 ml. Erlenmeyer flask 
provided with a paraffined rubber stopper. The flasks held in fact somewhat 
more than 50 ml. so that mixing could be adequately pertbrmed on inserting the 
stopper. When a sample of blood was required 2 ml. of the mixture were taken 
and run into the outer chamber of a prepared “unit” containing 0*7 ml. of the 
standard acid in the central chamber. The sample was quickly taken from the 
flask after inserting the pipette down to the bottom of the flask and the cork 
replaced at once. The ammonia vapour difiusing into tl^e small air space left and 
in equilibrium with the mixture was considered negligible, and the removal of the 
sample from the bottom of the flask would in any cast* ensure against loss of 
ammonia. The samples in the “unit” were allowe^d 14 min. for absorption. In 
each case samples were taken after 4 to 8 min. and then after about 1 hour as 

Table VI . The. effect of saturated potassium carbonate on blood ammonia 

formation. 



Time after mixing 
(;qual vols. bloiwl 

Time of 
absorption 
in “unit” 

cm. on burette, 
corresponding 

Ammonia-N 


and carbonate 

to the 

absorbed 


min. 

min. 

absorption 

yN 

Blood I 

4-5 

14 

3-2 

0-22 


04 

9f 

3-9 

0-27 


7-7 

f> 

3-6 

0 25 

Blood U 

6'7 

99 

3*8 

0-27 


7H 

99 

3-7 

0*26 

Blood I 

57*5 

99 

84 

0*59 


580 

ff 

7-8 

(»-54 

Blood 11 

52-5 


71 

0-50 


530 

,, 

(>•0 

0.46 


Ammonia abaor>>ed in “ unit ” after Hhort period in Krlcnroeyer flask, 0*25 y (64 min. mean time 
in Erlenmeyer fletsk). 

Ammonia absorbed in “ unit” after lon>( period in Erk‘iimeyer flask, 0*52 (55*2 min. mean time 
in Erlenmeyer flask). 

Therefore (0*52 ~ 0*25) x 1*59 - 043 ammonia-N represents the amount formed in 48*8 min. 
action of carbonate on blood. (The factor 1*59 arises from the suspension of absorption after 
14 min. 8oe Table I.) The ammonia formation per min. in the presence of carbonate is therefore 
0*0088 y amnionia-N at rcKJin temperature. 

shown in Table VI. Fn>m the mean of the short and long time periods the am- 
monia formation in the presence of the c-arbonate appears as ()*(K)55y ammonia-N 
per min. with the 14 min. period of absorption or 0*0088y ammonia-N altogether, 
the ammonia formation during the al>sorption period being the same in both the 
short and long periods disappears in the subtraction. 

The percentage error involved in the suspenMon of the. ammonia absorption. 

From the foregoing paragraphs of this section it is clear that as the ammonia 
for determination approaches minimum quantities, the only error involved in the 
determination is that of the titration itself. In a simple and easy manner there- 
fore all extraneous contamination with acid or alkali or ammonia from other 
sources is removed. At the same time the question arises of the degree of error 
involved in the 10-15 min. restriction of absorption for a given quantity of 
ammonia. This had been previously examined in a number of early experiments 
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with the ‘‘unit”. Sixteen determinations of 1*0 ml. (NH 4 ) 2 S 04 solution con- 
taining 46*4y ammonia-N were carried out, the ammonia being absorbed in 
1 ml. of 0*00333 Y HCl in the central chamber and subsequently titrated with 
O-OOlSSSiV' Ba(OH )2 from a Bang burette. The absorption was terminated in 
each case after 10 min. The mean absorption at 17'’ was 49 % of the added 
ammonia. The coefficient of variation of the individual determination from the 
mean value was 2*8 % . All the sixteen determinations were under 5 % devia- 
tion from the mean, the two highest deviations being 4*9 % . 

IV. Results. 

The ammmia content of normal human blood. 

(a) The blood ammonia value deiermined after collecting in an open vessel. 
Here the blood was collected from an arm vein through a hypodermic needle. 
The blood was allowed to fall in a stream into a small Erlenmeyer flask lined with 
solid paraffin, containing a little ammonia-free oxalate, the exact time of 
shedding being noted with a stop-watch. Al)out 25 ml. were collected as a rule. 
After shedding and quickly mixing with the oxalate, 1 ml. volumes were pipetted 
successively into a number of prepared units, the exact times of mixing with the 
carbonate being noted. In this way a large number of determinations could be 
grouped around the first few min. after shedding. The determinations were made 
on 7 subjects, 12 separate samples of about 25 ml. blood being taken. Up to 
2*75 min. after shedding there are 29 separate determinations of the blood 
ammonia, and after this i>eriod 43 determinations. The results are summarised 
in Table VII, and in Figs. 1 and 3. In Fig. 1 the two stages of the blood ammonia 

Table Vll. Blood collected in a paraffined Erlenmeyer flask. 


Animonm conc«atratioiis as y ammoma-N/KK) nil. 


Time range 
after 
shedding 

3 

2 

3 4 

5 0 7 8 

9 

10 11 

Mean 

time 

after 

J2 shedding 

Moan 
coruMUi- 
tration y 
ammonia- 

min. 

E C. 

I-\K. 

E.K, E.C, 

EC. EC. li.H. G.F. 

E. E. 

IJ.O’S. T.l). 

E. C. min. 

N/lOOml. 

075- 1*25 


— 

34(2) - 

35(2) 29 0 41 

22 

0 — 

5 0-95 

10-5 

1‘25- 1-75 

— 

22 

20 18 

— 24 31 28 

— 

34 

24 3-45 

25-2 

3-75- 2-75 

53 

30 

23(2) 40 

— 31 — 45 

3J 

12 43 

24 2-22 

33-4 

2-75- 4-75 

40 

35(4) 34(3) — 

~ .37(3) 45(2) 27(2) 33(2) 

32 44 

3-41 

36-1 

4-75- 100 

— 

— 

40(2) -- 

42(2) 38(4) - - 

— 

— — 

7.27 

40-1 

30-0 - 50'0 

— 

— 

— — 

- - 51(2) - 

54(2) 

.... 

42-3 

63-0 

50-0 - 300-0 

— 


08 — 

03(2) 80(2) 88(2) 08 


— — 

- 97-4 

73-5 

1100-0 -1500-0 

— 

— 

— — 

— — 204(2)203(2) 


_ 

-- 1170-0 

202-0 


The bracketed figures indicate the number of determinatiuiis made, the mean value being statwl Figures witliout 
brackets are from a single detorminatioii. 

Mean room temperature = 10®. 


formation are clearly shown. The first rise extrapolated over 0-76 min. passes 
through the origin. The same result may be observed from the table where the 
rates of the ammonia formation are given. If the rate during the first 0-75 min. 
is as fast as that in the next min. the original ammonia must be either zero or 
practically indistinguishable therefrom. Fig. 2 shows the course of the formation 
for a single subject (F. K.), a rapid succession of analyses being carried out 
immediately on shedding. Eight determinations were made for times up to 
4 min. after shedding. The moans of each two analyses in order of time are given 
in the graph. The same characteristics are observed as in the general graph. 
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In general after the first rapid rise the rate of formation of blood ammonia 
wiriim the succeeding few hours is 0*37 y ammonia-N per min. per 100 ml. 
around a temperature of 16°. Fig. 3 shows the effect of incubating the blood 
after shedding (upper curve) at 22*5°. This upper curve was constructed from 
determinations on two subjects. The rate at 22*5° after the first few min. is 0*82y 
ammonia-N per min. per 100 ml. 



Fig. 1. 



Fig. 2. 



Time in min. after shedding Time m min. after shedding 

Fig. 3. Fig. 4. 


Fig. 1. The curve is eonstruot-ed from the means of a number of determinations on 12 blood samples 
(about 25 ml. each) from seven different subjects. The blood ’was collected in each case direct 
from an arm vein through a hypodermic needle into an open Erlenmeyer flask lined with 
solid paraffin. Mean temperature of room, 16°. 

Fig. 2. The figure shows the blood ammonia formation after shedding into an open vessel for a 
single subject (F. K.). Each circle is the m€*an of a duplicate. 

Fig. 3, Curve B is the same as in Fig. 1 on a ten time 4 ) smaller time scale. Curve .4 represents 
the ammonia formation in blood from two subjects maintained at 22°. 

Fig. 4. Curve A represents the blood ammonia formation for two subjects, E. C. and F. K., the 
blood being oollected in an open Erlenmeyer flask. Curve B gives the formation of ammonia 
in blood from the same two subjects oollected in alveolar air. Curve C reprtisents the blood 
ammonia formation after collection in pure carbon dioxide atatmo8phericpre8Sure(forthesingle 
subject E. C.). This last curve represents the mean line through 1 1 determinations made up to 
128 min. 


{h) The blood ammoma determined after collecting in alveolar air. The 
peculiar nature of the true curve of formation after shedding in an optm vessel 
suggested a connection with some factor altering with like rapidity within the 
first few min. Such a factor would be the carbon dioxide tension and content of 
the blood. For this reason it was thought desirable to collect the blood directly 
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from an arm vein into a tonometer filled with alveolar air. To the hypodermic 
needle was attached a pyrex tube lined with paraffin, the connection being made 
with the minimum quantity of paraffined rubber tubing. The tonometer, about 
250 ml, in capacity, was also lined internally with solid paraffin. It contained 
some ammonia-free oxalate and was filled with alveolar air which had passed 
through a small wash- bottle containing dilutee acid and another acting as a trap. 
The taps and stopper of the tonometer were lubricated with liquid paraffin. After 
insertion of the needle the first few drops of blood were discarded and the 
collecting tube plunged at once to the bottom of the tonometer. After collecting 
about 15 ml. blood, the tube was withdrawn, the blood mixed and more alveolar 
air passed through, the tonometer being then stoppered. Samples of blood for 
analysis were taken in quick succession, by means of a loiig-tul>e pyrex pipette 
with a mark at 1 ml,, the stoppf*r l)eing opened and closed immediately after each 
sample, alveolar air being occasionally sent through. The blood donors were two 
subjects whose blood has been previously well investigated by the open method 
(E.C. and F.K. — Table Vfl). The blood was taken and analysed under exactly 
similar conditions and at the same time of day (about 4 p,m.). The surprising 
result was obtained that for the first 12 min. after shedding the mean value of 
11 determinations (6 from one and 5 from another subject) was almost in- 
distinguishable from zero. The initial rise had entirely disappeared. For the 
first 12 min. practically no distinction could be made between the results rt‘- 
tumed. The average of 11 such results gave 3*l±2‘2y ammonia-N/100 ml. 
( ±2*2 gives the standard deviation of the mean) with a standard deviation of 
the individual result of 7y N/lOOml., the highest deviation obtained l)eing 
lly/lOOml. 

When the ammonia formation is followed bejyond 12 min. however it apjxjars 
that a slow increase is occurring from the period of shedding corresjKmding to the 
secondary rise in blood collected in an open vessel. This is shown in Table VTII 

Table VIII. 



Collected in alveolar air 

..A. 


Collected in open 

vessel 

I'ime after 

No. of 

Mean 

'I 

Mean cone. 

No. of 

Mean time 

Moan cone. 

shedding 

determi- 

time 

y ammonia- 

determi 

min. after 

y ammonia- 

min. 

nations 

min. 

N/lOO ml. 

nations 

.shedding 

N/100 ml. 

0- 3 

4 

1-8 

2 

9, 7 

1-6, 1'7 

22, 28 

3- 6 

3 

40 

3 

6, 7 

4*0. 4*1 

36, 40 

6- 12 

4 

lO-f) 

8 

6, 2 

7*4, 9*2 

37, 35 

12- 50 

4 

40-4 

29 


— 



5(»-100 

— 

— 

— 

4, 2 

59, 73 

74. 63 

>100 

4 

148 

62 

— 

— 

— 


Comparison of the 4th and 7th columns shows the marked dijBference resulting from ciullecting 
in alveolar air as compared with collecting in an open vessel. The figures after the commas — for 
collection in an open vessel — ^refer to data assembled 2 years before the preceding values. These 
latter were taken a day or two before the determinations with alveolar air. Roughly equal numbers 
of determinations were made for each time period on the blood of each subject. The figures found 
being very similar for each donor are incorporated together for economy of presentation. 

and in Fig. 4. The table summarises the data obtained from two subjects (E, C. 
and P. K.) the blood from whom had been previously well investigate for open 
vessel collection. Fig. 4 (uppe^r two curves for the same two subjects) shows a 
linear ascent of concentration for collection in alveolar air (middle curve, the 
upper curve being for open collection) up to 40 min., the line of formation 
pointing directly into the origin. 
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The blood ammonia determined after collecting in carbon dioxide at full 
atmospheric pressure. 

The effect of collecting the blood in an atmosphere of pure carbon dioxide at 
atmospheric pressure was also investigated, the blood being collected in the same 
manner as for alveolar air. In this case the tonometer was filled with pure carbon 
dioxide derived from a cylinder and passed through two wash-bottles as before. 
The blood donor here was one of the subjects (E. 0.) investigated for open vessel 
collection and for the alveolar effect described in the last section. Table IX gives 


Table IX. 


Time after shedding 
min. 

0- 3 
3- 6 
6 - 12 
12- 50 
5CV-](H> 

100 200 


Open vessel 
collection 

y ammonia-N/100 ml, 
29 (8) 

41 (7) 

36 (5) 

72 (4) 


Alveolar air 
collection 

y ammonia-N/100 ml. 
8 ( 2 ) 

3(1) 

4(2) 

25 (2) 

53 (2) 


Collection in 
carbon dioxide 
atmospheric pressure 
y ammoriia-N/100 ml. 

7(2) 

1(3) 

6 ( 2 ) 

3(2) 

7(1) 


The numbers in brackets refer to the number of determinations made. 


a summary of the results obtained, the different results of the three methods of 
collection being compared for one subject. Even up to 128 min. after collection 
in carljon dioxide the blood ammonia concentration is but little different from 
zero. The mean value of the 10 dettTminations made on blood up to this period 
is 4*4 ± l*3y ammonia-N/100 ml. The mean of the last three observations made 
at an average time of 68 min. was 4*3}/ ammonia-N/100 ml. The mean of the 
first three at I -8 min. was G Oy ammonia-N/100 ml., no incrt^ase occurring there- 
fore over 66 min. After 128 min. one observation gave 7*0y ammonia-N/l(X) ml. 
For a long period after shedding therefore pure carbon dioxide at atmospheric 
pressun? completely j>revent8 all formation of ammonia in human blood and the 
mean value obtained is only one part in 23 millions. The data for collection in 
pure carbon dioxide are summarised in Table IX and Fig. 4 (lowest curve). 


Effect of pure carbon dioxide at atmospheric pressure on blood amnumia 

already formed. 

In expt^riments carried out to determine this effect, blood collected in a 
paraffined Erlenmeyer flask was allowed to develop ammonia over 2-3 hours. 
The ammonia was then determined and at the same time some of the blood was 
introduced into a tonometer filled with carbon dioxide at atmospheric pressure. 
The blood was rotated and mixed in the tonometer, the carbon dioxide having 
been renewed a few times. After 10-15 min. of action the blood was again 
analysed for free ammonia. The results are shown in Table X. The duplicate 


Blood 

I 

n 


Table X. 

Time after shedding 
into open vessel Ammonia-N/lOO ml, 
mixu y 

176 99 

121 107 


Ammonia-N/100 ml. 
after carbon dioxide 
(760 mm.) action 

y 

101 

100 


determinations on blood from two different subjects gave 99y and 107y 
ammonia-N/lOO ml. before, and 101 y and lOOy ammonia-N/100 ml. after the 
Bioohem. 1936 xxxx 176 
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carbon dioxide action. It appears therefore that carbon dioxide of this tension 
although preventing any formation of ammonia over a long period is without 
effect in reversing the formation once the free ammonium ion has appeared in 
solution. 

\\ Discussion. 

Accuracy of method. 

With the “unit*’ described and utilised in previous communications it is 
shown to be possible to determine ammonia in 1 ml. of standard solutions to an 
ultimate standard deviation of 2y ammonia-N/100 ml. For the blood ammonia 
determination as described above, the absorption was limited to 50-70% of the 
total (10-15 min.). This limitation with standard solutions comes to moan a 
determination of amrnonia-N to an ultimate standard deviation of 4y. These are 
exact statements of accuracy and are readily reproducible. How they apply in 
the actual practice of blood determination will appear from an analysis of the 
21 determinations made on blood shed into a ciarbon dioxide atmosphere within 
the first 12 min. after shedding. The standard deviation of the individual valut‘ 
in these 21 det(*rmi nations was 5y ammonia-N/100 ml. (mean value 3*7). These 
values include however the 11 values in alveolar air which, from the curve over a 
long subsequent period, we may suppose to have risen slightly. For the 10 values 
in pure carbon dioxide the standard deviation found was 4y ammonia-N. For 
29 determinations in all carried out on 7 subjects for open collection within the 
3rd to the 10th min. aftcTwards the standard deviation of the individual deter- 
mination was 6*0 (mean value 38)/). The latter result is in itself remarkable not 
only for (^stablisliing the accuracy of the determinations but also indicating a 
constancy of ammonia foiination under such c^onditions, since the standard 
deviation carri(‘d out on the same standard solution would in fact be 4y aramonia- 
N, and a slight rise is also occurring over the 3rd to the 10th nun. in blood 
colJe(;ted witl» the open method. For detc'rminations of the blood ammonia 
described by otlier workers there are no such preciise stalemt^nt-s of accuracy. 
We may select for comparison however the four results publislKHl Iw \"an Slyke 
and Hiller [1933] on the same blood sample. They used 5 ml. blood with each 
determination in acjcordance with the Nash and Benedict technique. The mean 
value was 48y ammonia-N/100 ml. and one of the four determinations d(^viated 
by 7y/100 ml. This may be compared with the results of 1 1 determinations on 
blood samples from two different subjects, analysed between 3 and 12 min. after 
shexiding. The maximum deviaiitm found was 5y ammonia-N/100 ml, from a 
mean value of 38y ammonia-N/100 ml. A more 6‘xact comparison of the 
accuracy found by Van 81yke and Hiller, so far as may be judged from their 
pubhshed data, can be made in the following way. In their published figures 
there are 6 duphcatcjs given and 4 determinations on the same blood, which 
latter may be regarded as 2 duplicates, and in all therefore, 8. For such minimum 
quantities the absolute rather than the percentage error is significant and from 
the following formula we may dett^rmine the standard deviation of the single 
determination i 

where and Xg members of a duplicate and a is the standard deviation 

required. From the data in question and considering that 5 ml. were used the 
result is 0*1 9y ammonia-N. From the results of the present method we have 
0*04y ammonia-N (or 4y N);/100 ml. which shows therefore five times the 
accuracy in absolute quantities and permits the same relative accuracy with one- 
fifth the quantity of blood. 
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As mentioned above, Van Slyke and Hiller had the advantage over other 
workers with this method of a more delicate reagent than Nessler’s. 

The present method pcjrmits of the rapid and easy accumulation of large 
numbers of detenninations. ITor example, with one blood sample from the 
beginning of the period of shedding u[) to the 4th min. 8 determinations were set 
up and completed within 2(5 min. In all 159 determinations were assembled, 96 
in a later group, in 6 working days. 

The true content of amrmnia in human venous blood. 

The examination of the general time concentration curve where the blood 
was collecte-d in an open vessel (paraffined Erlcnineyer) shows the erroneous 
conclusions hitherto arrived at from an extrapolation of the se(*ondary rise over 
the first few min. The tnie curve of formation rises steeply and apparently from 
the origin to a conc(*ntration h^vt‘l of 3Sy amrnonia-N/lOO ml. which is reached 
about the 3rd min. It enti^rs then on the slow ascent described by other workers. 

An entirely different picture is prescntc»d if the blood is colh'ctcd in an 
atmosphere of alveolar air. TIk^ initial steep rise disappears and for the first 
12 min. after shedding the mean value of 1 1 determinations is 3*1 ± 2*2y ammonia- 
N/100 ml. 

Is the value iv fact zero '!* It may be noted that even 3*1 y amnionia-N/ 1 00 ml. 
n'presents one part in 32 millions, and is one-tenth of the very minute value 
previously thought to ri'prestmt the true ammonia content of circulating blood. 
Tlie latter may in fact b(' zero particularly in the light of the following considera- 
tions. Examining the ammonia content after collecting in alveolar air, w'hat 
seemed when the first 12 min. only were takem into consid<u*ation to lx‘ a com- 
plete <'(‘Hsation of ammonia formation showed itself to be similar to the general 
slow and secondary ris(‘ with th(‘ ojMm vessel collection wiien much longer time 
pc'riods wc‘re investigated (se(‘ Fig. 4). The curve of this formation which a])}K^ars 
as a straight litu^ up to alM)ut the first hour yK>ints unmi.stakably into the origin. 
The rate of formation as indicated by this line is O-fiOy ammonia-N/100 nd. per 
min. If we con.sider that the mean time for the 11 determinations over the 
12 min, period is 5*(5 min,, then in this pc*riod we may expect 3*7 y ammonia-N/ 
109 ml. forim^d. The mean of the 1 1 determinations i.s how(*ver 3* I y ammonia-N/ 
100 mi. We can therefore conclude that the ammonia content of circulating human 
blood is zero from these findings or so small that it is quite Ih'voiuI any present 
method of determination. Both the initial steep rise to 38y ammonia-N/100 ml. 
and the secondary slow rise are stopped by pure carbon dioxide. For a long 
period (at least 2 hours) after coUection in pure carbon dioxide only minimum 
quantities of ammonia are present. The average up to 128 min. of 10 observations 
is 4*4y ammonia-N /UK) ml. 

There now' arises for consideration the following question: Is the absence of 
free ammonia from circjulating blood merely an analytical result due to the 
combination of the free ammonia liberated after ad<ling alkali with free carbon 
dioxide^ ? Such a point was already raistnl by Rehl>erg 1 1926]. It is conceivable 
that the ammonia could in this way combine with free carbon dioxide (which 
presumably would have insufficient time to disappear as carl>onate ion) and form 
ammonium carbamate. This in turn would be slow to disintegrate at the high 

. The following facts however completely decide the point. Small quantities 
of ammonia immediately added to blood should not be recoverable at all or only 
in very reduced amounts. In fact they are retx>verod practically quantitatively. 
Again if the free carbon dioxide operates in such a fasliion an increase of twenty 
times its value should have an extremely marked effect. It has been shown 

176—2 
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however that once the ammonia is formed in the blood after shedding, subsequent 
treatment with pure carbon dioxide at atmospheric pressure has no appreciable 
effect on its concentration. This completely rules out the above conception of an 
instantaneous carbamate formation with subsequent slow disintegration. 

The mother substances of the ammonia formed after shedding. 

From the period of the discovery of Embden ei al. [1928] of the fn^e ammonia 
in muscle arising from adenylic acid a similar origin for the ammonia formation 
in shed blood was a recognised possibility. Adenylic acid in blood was quantita- 
tively determined by Buell arid Perkins [1928] and a parallel formation of free 
purine bases and ammonia in blood was demonstratc^d by Mozolowski [1929] 
who showed the process of formation to pass through inosinic acid which subse- 
quently broke down to form free purines. The purine-nitrogen formed however 
only accounted for a fraction of the total ammonia-N. That at least two sub- 
stances were involved was further demonstrated by Heller and Klisiecki [1935]. 
Adenylic acid corresponds to their substance B. With intact corpuscles adenylic 
acid in fact does not break down at room temperature for 24 hours or more. 
Even at the beginning of this process is only demonstrable afU^r 24 hours. 
The ammonia formation considered above would therefore, from thc'se findings, 
have nothing to do with adenylic acid breakdown. The formation would 
correspond to the substance A of Heller and Klisiecki, which gives rise to up- 
wards of 500y ammonia-N/100 ml. From the experiments described in this 
communication it seems very likely that at least the first stage of the forma- 
tion is due to the breakdown of a carbamate or carbamino-compound. The 
existence of carbamino-comfK^unds in blood is very probable from the work of 
Henriques [1928] and in particular that of Meldrum and Roughton [1933]. (This 
work has been reviewed by Roughton [1935].) Whether however the secondary 
slow formation of ammonia in shed human blood (using an open vessel) is also 
associated with a similar breakdown is more doubtful, since although atmospheric 
tension of carbon dioxide completely excludes it over a long period the change 
produced by this tension enters also as a possible factor. The action of carbon 
dioxide on the ammonia formation 5 min. after shedding was in fact also examined 
by Pamas and Heller [1924] who used it however with the object of producing 
hydrogen ion changes and explained the effects produced by reference to this 
factor. Such results may now be explained very differently, namely by a specifii^ 
action of carbon dioxide. From the results of Pamas and Heller [1924] at tensions 
of carbon dioxide ranging from 155 mm. to 0-2 mm. the rate of formation within 
the first 5 hours or so varied according to the tension from 2 to 5y ammonia-N/ 
100 ml. per min. (at 20"^). At the same time the reaction altered from jpjg 6*7 to 
8*4. When the reaction becomes markedly alkaline the rate of breakdown of a 
carbamino-compound becomes considerably reduced, so that in fact with changes 
of carbon dioxide tension we should have an interplay of two effects on the ratt) 
of breakdown. For the second slow rise it will probably be an easy matter to 
dissociate the p^ effect and the specific effect of carbon dioxide, though the intro- 
duction of new reagents such as phosphate buffers is not altogether free from 
objection. It is interesting in this connection that Krebs and Henseleit [1932] 
have also noticed and commented upon a specific carbon dioxide effect in the 
formation of urea in liver. The rate of formation is markedly reduced when the 
carbon dioxide content falls, even though the reaction be maintained by the use 
of phosphate and a sufficiency of carbon dioxide be present for urea production. 

Considering that the breakdown of a carbamino-compound is required to 
explain the first rapid change wdth open shedding, the question arises is oarbamic 
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acid itself responsible ? The instability of carbamic acid and its general association 
with the ammonium ion in solution would on a first consideration render it very 
unlikely to account for the change. It is necessary to inquire however if any 
fraction may be assigned to its breakdown. Prom the following two equations 


we may derive 


NH^COO- ^ H2O HCO,“ + NH3 
5±H+ + NH3 

[NH4+3 _ Aox[H^] 

{NH,COO- j Xnh4 [HC(V J * 


Here has been determined by Faurholt [1922, 1, 2] as 0-33 (being very little 
affected by temperature) and inserting approximate values for the other com- 
ponents on the right side of the equation we have 


[NH4 +] _ , ^3,1 


The ammonium ion concentration must therefore bc^ a thousand times greater 
than that of the anion of carbamic acid. But tliis latter is about half or a very 
appreciable factor of the whole carbamic acid present if we accept the dissocia- 
tion constant given by Faurholt. This constant was very roughly determined as 
10“7— 10~**. It was in fact plact'd considerably lower by Wegscheider [1922]. 
namely at 5*5 x a figure which would necessitate the salts of carbamic acid 
being considerably dissociated. Such dissociation was not found by Faurholt. 
Considering that no measurable ammonia is present in the circulating blood it is 
clear that no appreciable amount of carbamic acid can exist therein. The sub- 
stance in question acce])ting it as a earbamino- compound must therefore be a 
derivative of carbamic acid. Such a compound even at the carbon dioxide tension 
of alveolar air would be practically undissociated into the frce amine. Also when 
the amine is formed a further process of deamination is nccessar}^ to explain the 
appt^arance of the free ammonia. Further ex})eriments are clearly necessary to 
warrant any further speculation on such lines. 

In conclusion it may be pointed out that apart from the nature of the pre- 
cursor present, the results described above for the normal human subject remove 
any real significance from previous dett^rminations of the blood ammonia which 
purport to represent the actual conditions in circulating blood. 


VI. Summary. 

1. A method is described for the determination of very minute quantities of 
ammonia (less than ly) in vrhich the ammonia absorbed is determined to an 
ultimate standard deviation of 0‘02y (0-00002 mg.) ammonia-N. It consists of 
some additional refinements introduced into the method described in a previous 
communication [Conway and Byrne, 1933]. Applying the method to the deter- 
mination of ammonia in 1 ml. blood, the absorption period being limited to 
10-16 min., the standard deviation for the determination of minimum quantities 
of ammonia is 0-04y ammonia-N. In the 10-15 min. period, 50 to 66 % of the 
whole ammonia present is absorbed. The relative error involved in this limitation 
of the absorption period with the special “ units ” may be expressed as a coefficient 
of variation of 2*8 % . 

2. It is shown that the free ammonia present in shed human blood depends 
very largely on the manner in which the blood has been collected. When received 
into a small Erlenpaieyer flask directly from a vein a steep rise occurs which 
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terminates about the 3rd minute, and passes into the slow ascent previously 
described by other workers. When the first curve is extrapolated over the first 
0*75 min. after shedding it passes through the origin. When the second curve is 
extrapolated it cuts the ordinate at 38y ammonia-N/100 ml. corresponding to 
the concentration previously accepted as representing the concentration of free 
ammonia in circulating blood. 

3. When the blood is received into an atmosphere of alveolar air for about the 
first 12 min. after shedding the quantity found is scarcely distinguishable from 
zero, being 3*1 y/KK) ml. Tt is quite indistinguishable at zero time when allowance 
is made for the slight ammonia formation in the period as calculated from the 
subsequent rise over 2 hours. The first steep rise is completely absent, the 
secondary slow ascent being still present. This curve of formation is a straight 
line up to about 1 hour and points directly into the origin. 

4. Blood received into pure carbon dioxide at atmospheric pressure forms no 
ammonia over a long period after shedding. The average of 11 observations up 
to 128 min. after vshedding is 4*4 ± l*3y ammonia-N/100 ml. 

5. When ammonia is once formed after shedding subsequent action of 
carbon dioxide even at full atmospheric pressure has no noticeable effect in 
diminishing the con(;entration present. 

6. It is concluded from the controlling infliienee of the carbon dioxide ten- 
sion on ammonia formation that the first stage of ammonia formation in shed 
blood is associated witli the br<'akdown of a carbamino-compound. 

7. The aettion of saturated ])otassmm carbonate on blood when mixe^d in 
equal quantities has also been investigated. It is vshown that O-WHHy ammonia-N 
per min. per ml. blood is formed in th(? presence of th(» alkali. 

The results summarised here are based on a large number of det(:‘rminations 
(159 in all) on human blood. 
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CCCXXX. STUDIES IN FAT METABOLISM, 

IV. ACETOACETIC ACID BREAKDOWN 
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The following paf>er in concerned with the breakdown of acetoacetic acid in the 
kidney. A ]>reliminary study of this phenomenon has alreadj^ been made 
( Jowett and Quasted, 1935, 3] and the experimental methods used have already 
been descrilK'd in detail [Parts I, II, III, Jowett and Quastel, 1935, 1, 2, 3]. 
Both the Barcroft and Warburg apparatus have been used. 

Acetoacetic acid has b<*en determim^l manomctrically as usual (see Part I), 
kidney (*ortex slices b<iing removed from the im^dium at the end of a period of 
2 liours at 37^ The initial concentration of sodium acetoacctat(‘ (prepared by 
the method of Llunggren [1924], alcohol Inung removed by vigorous aeration at 
reduced pressunj was determined in each ex|X'riment, a control vessel containing 
aeetoaoetato without tissue iKung kept in the bath at 37"^ for the duration of the 
exfMTiment. 

Aerobic breakdown of acetoacHic acid in the kidney. 

It was demonstrated in the prect‘<iing paper (Part III) that tlie kidney cortex 
destroys acetoa<’(*tie acid at a considerable rate, reaching a value of —4*0 
with the guinea-pig and — 6-0 with the rat. In Table I the results of 20 experi- 
ments wdth each animal are re[K)rted. It will be seen that with an initial con- 

Table I. 

Sixiium acftoawtato wolution - 0*(R>.58 jW . 


Hiugcr solution, .NaHt'Oa -(H>; 

9r>‘* 

o f 5% 

COa. 

Av. devia- 





Mean 

Hange of 

tion from 


Cvanide 

Glucose 

No. of 

value 

values 

mean 

'rissue 

‘ M 

M 

exps. 

of-V.u 

of 

value 

Guinea-pig ki<lnev 

Nil 

Nil 

20 

3-4 

1-9-4-8 

f 0-0 

>T 

Nil 

oocm 

1> 


2'f>-4 2 

±0-4 


0-004 

Nil 

9 

]-4 

0-0-1-9 

±0-4 


iHm 

mm 

9 

2-3 

1-3- 3-4 


Kat kidney 

Nil 

Nil 

20 

4-5 

2-3*3*7 

±0-7 


Nil 

0-009 

r> 

30 

4- 1-3-9 

±0-3 

»» 

0-004 

Nil 

11 

1-03 

0-(V-^2-7 

:i:0-5 


0-(K>4 

0-009 

9 

1-9 

MV-30 

±0-5 


/J-Glycerophosphate JIf /16 buffer. 



Guinea-pig kidney 

Nil 

Nil 

4 

3*9 

2-5-4-3 

±0-7 

Hat kidney 

Nil 

Nil 

3 

4-9 

4-4-54 

zfc.0’4 


^ As explained in an earlier paper, the symbol Qxc* when it has a positive value, expresses the 
rate of appearance of acetoacetic acid, and a^hen it has a negative value, expresses the rat© of 
disappearance of acetoacetic acid, as ml. of gas (at n.t.p.) per hour per mg. dry weight of tissue. 

( 2773 ) 
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oentration of sodium acetoaoetate of 0*0058Af and at 7*4 in a bicarbonate- 
Ringer solution, the mean is — 3*4 for guinea-pig kidney and — 4 6 for rat 
kidney. There is a relatively large range of variation, the average deviation from 
the mean value being ± 0-6 and ± 0*7 respectively. It is likely that the state of 
nutrition of the animal plays an important part in determining the magnitude 

Qao* It should be noted however that in all experiments reported on here 
apparently well-nourished animals were used. 

In j3-glycerophosphate buffer in presence of oxygen, the breakdown of 
acetoacetic acid proceeds at much the same rate as in a bicarbonate-Ringer 
solution. 

Anaerobic breakdown of acetoacetic acid, 

Acetoacetic acid is broken down under anaerobic conditions by kidney tissue 
(see Part III). The results of a; number of experiments with rat and guinea-pig 
tissues in presence of 95 % Ng + 5 % COg are shown in Table II. The rate of bre.ak- 
down is roughly half that under aerobic conditions, but here again there is a 
fairly wide range of variation probably determined by nutritional conditions. 

Table II. 

{Sodium acetoacetate solution — 0*0068 al/. 

Kinger Holution, NaH CO* = 0*025 M . 96 % Nj + 6 % C( >2 • 

No. of Mean value 

Tissue cxps. -Qac Values of - 

Guinea-pig kidney 4 2*4 2*7, 2*1, 2*8, 1*9 

Rat kidney 8 2*3 2*1, 2*1, 2*1, 2*0, 

2 *8, 1*8, 2*1, 2*5 

Action of potassiufn cyanide on acetoacetic acid breakdown. 

Cyanide (0*004 Jf ; p^ 7*4) reduces acetoacetate breakdown by kidney under 
aerobic conditions to the anaerobic level. Values of in presence of nitrogen 
are scarcely affected by cyanide at this concentration. 

Table III. Action of potassium cyanide on acetoacetate hreakdotm. 

Sodium acetoacetat*) solution — 0*0068 il/. 

Ringer solution, NaHCOs- 0*025 i¥. 


-Qa.. 

96 % O 2 + 6 CO 2 95 % N, + 5 % CO* 


Exp. 

Tissue 

No cyanide 

Cyanide 

present 

r 

No cyanide 

0*004 

cyanide 

present 

(0*004 M) 

present 

present 

1 

Rat kidney 

— 


1*9 

1*8 

2 

»♦ 

6*1 

1*3 

— 



3 

»> 

— 


— 

2*0 

4 

,, 

— 

— 

2*1 



6 

tt 

4*9 

1*5 

— 

— 

6 

Guinea-pig kidney 

2*7 

1*3 




7 


1*9 

0*6 

— 


8 


— 

— 


1*7 

9 

»» 

4*3 

— 

2*4 


10 

»» 

3*0 

1*5 



11 

»* 

— 

1*9 





12 

tt 

— 

1*8 




13 

tt 

Glycerophosphate buffer. O*. 

2*1 

— 

14 

15 

Rat kidney 
»* 

0-004 Jfcf cyanide present 4 ^ 0 .== 

No cyanide 26*2 ; 

-<;»Ac =2-8 
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Moreover, the effect of cyanide is much the same in a jS-glycerophosphate 
buffer as in a bioarbonate-Ringer solution. Typical results are shown in Table III. 
The results of a number of experiments with guinea-pig and rat kidneys are also 
shown in Table I. There it wiU be observed that the mean values of in 
presence of cyanide, are definitely lower than those found in nitrogen. This is due 
to the fact that, in a number of early experiments, remarkably low figures for 
— for kidneys in presence of cyanide were found ; such low figures were not 
subsequently encountered. 

Action of glucose on acetoacetic acid breakdown, 

A. Under O/erchic conditions. Glucose, in a bicarbonate medium at pjj. 7-4 
and in presence of 95% Og-f 5% COg, seems to have a small accelerating 

Table IV. Action of glucose on acetoacetate breakdoum. 

Sodium aretoaoetate = 0*(X)58 M , 

Ringor Holution, NaH(X) 3 — 0*02537. 

«*> ‘Jo O 3 + o%r(h 95 Nj, 4 5 % CO 2 

GliKORe 0*00937 

Nogluoo«e presemt No glucose glucose 


Exp. 

Tissue 

added 

(0*0(K13/) 

added 

present 

1 

Guinea-pig kidney 

3*1 

4*0 

— 

— 

•) 

30 

3*8 

— 

— 

5 


2*9 

3*4 


— 

4 


1*9 

2*5 

— 

— 

5 


. — 

— 

2*0 

2 1 

0 

Rat kidney 

3*3 

4*0 


— 

7 


2*3 

4*1 

— 

— 

8 

»« 

— 

— 

1*9 

2*3 

9 

tt 

— 


2-8 

2*9 

10 

»» 

5*0 

5*7 

2*5 

2*G 


Table V. Action of glucose on acetoaceiate breakdown in presence of potassium 

cyanide. 


Sodium acet^acetate, 0*(K)583/. 
Ringer solution. NaH(H)a =0*025 37. 

-Oac 




95 % 0 , 

H0N = 

+ 5%C!U,. 

:-0 004Jtf 

»•■>% X 
HCN 

, + 5%CO„ 

= 0-004 

Exp. 

Tissue 

No glucose 

0*0093/ 

glucose 

r ' 

No glucose 

()*(K>93/' 

glucose 

1 

Guinea-pig kidney 

1*9 

1*9 

— 


2 

>» 

1*8 

24 


— 

3 


1*0 

2*3 

— 

— 

4 

»» 

0*6 

1*5 

— 

— 

5 

»» 

2*2 

2*3 

— 

— 

0 

»> 

— 

— 

1-7 

2*3 

7 

Rat kidney 

0*4 

1*7 


— 

8 

*» 

1*0 

1*7 

— 

— 

9 

ft 

0*0 

1*6 

— 

— 

10 

ft 

2*7 

3*0 

— 

— 

11 


1*2 

1*4 

— 

— 

12 


1*0 

2*2 

— 

— 

U 

*f 



— 

1-8 

2*2 

14 

ft 




1*0 

2*0 

15 

ff 




1*0 

2*1 

16 

»t 


— 

1*8 

1*9 
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action on the rate of breakdown of acetoacetic acid in kidney. The results of 
a number of experiments are shown in Table I and some typical figures are 
given in Table IV (see also Part HI). The effect of glucose addition is real but 
obviously variable, depending on the activity of the tissue in absence of added 
glucose. 

B. Under anaerobic conditions. Glucose has but little effect on the —Qac 
found under anaerobic conditions (95 % Ng 4- 5 % COg) with rat or guinea-pig 
kidney. Typical results are shown in Table IV. 

C. In presence of cyanide. It will be seen from results given in Tables I and V 
that glucose accelerates acetoacetate breakdown in media containing potassium 
cyanide (0*004 If ; pjj 7*4), this acceleration obtaining whether conditions are 
aerobic or anaerobic. A close examination of the figures given in Table V shows 
however that the ac^celeration by glucose is only perceptible when the value of 

absence of added glucose, is well below the normal anaerobic value (see 
Exps. 3, 4, 7, 8, 9, 11, 14, 15). Glucose addition seems to secure the value of 
— Qxt some maximum value*: should the tissue alone exhibit this value, the 
addition of glucose has little or no further effect. 


Action, of pyruvic acid on acHoaceiic acid breakdoum. 

Pyruvic acid, at a concentration of 0*009 3/, behaves similarly to glucose. It 
has no appreciable effect, at tliis concentration, on aerobically, but in 

presence of cyanide it will raise any abnormally low value of "-Qx,. to the 
normal anaerobic value of about 2*0. It seems to have no effect (anaerobically) 
on a tissue which gives this value in absence of added pyruvate. 

The experiment was tried of adding a mixture of glucose and sodium pynivate 
to the tissue. This, as is well known, secures conditions for maximum glycolysis 
under anaerobic conditions or in presence of cyanide. The addition of pyruvate 
(0*009 3f) brings about relatively high values for —Qs, in presence of cyanide 
(see Tables VI and V^ll), but th<* rates of breakdown of acetoacetic acid are not 
abnormally high and are of the same order of magnitijde as those obtained under 
normal anaerobic conditions. This work, as a whole, indi(.*ates that the pn*senee 
of a mixture of glucose and pyTUvate helps to (establish more definitely the 


Table VI. Action of pyruvic acid on acetoacetic breakdoum. 

Sodium aootoacotat<‘-^^0 (K)58iW; sodium pyruvaU‘-~() 00f)jW. 
Glucose rr 0*009 4/; HCN = 0*(K>4 J/. 

95 % (>2 4 5 % CGg. Ringer solution, NallCXlg - 0*025 M. 




-Qa.^ 



Acotoaeotate 


Acetoaeetatf 

Acetoacetate 


Acetoacetate 

^ HC^N 

Tissue 

-t glucose 

A(*etoacotatc 

4 li(JN 

4 glucose 

alone 

-r pyruvate 

+ HCN 

4 jiyruvate 

4 p^Tuvate 

Guinea-pig kidney 

2*7 

2*8 

1*3 


2*0 


— 

— 

10 

1*8 

2*3 


— 

— 

10 

1*7 

2*7 


— 

— 

1*8 

1*9 

2*7 


— 


0*8 

1*2 

1*5 

Rat kidney 

5*1 

5*2 

1*3 



2*5 

,, 

4*3 

5*2 

1*3 



1*9 


* — 

— 

M 

1*5 



— 

— 

00 

2*0 



>> 

— 

— 

00 

1*7 

1*9 
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Table VII. Effects of change of concentration of sodium acetoacetate on — 

Rat kidney. Ringer solution, NaHCOa— 0*0253/. ^ 0 % 0^ + 5’^o CO^. 

Kxp. 0 
Kidney 

Exp. 4 Exp. 5 -4' pyruvate 

Kidney Kidney ((i-GOOili/) 




Exp. 2 

Exp. 3 

4- glueoHe 

4 pyruvate 

4-gln(‘Ose 

Initial con- 

Exn. I 

Kidney 

Kidney 

(0*0093/) 

(0-b093/) 

(0*0093/) 

oeiitration of 

K idney 

+ glueose 

+ HCN 

^HCN 

+ HCN 

^ HCN 

acetoacetate 

alone 

(0-0003/) 

(0*0043/) 

(0*004 M) 

(0*004 M) 

(0*(X>4 M) 

0*0023 3f 

:i*4 

:i-7 

1*1 

1*7 

— 

1*8 

()(K>47 M 

4:i 

40 

1*3 

1*9 

1*7 

2*4 

0*007 Jf 

4*8 

4 5 

1*5 

1-7 

1*9 

3*2 


optimum conditions for the rate of breakdown of acetoacctic acid under anaerobic 
conditiona. The effects of varying the initial concentration of acetoacetate are 
shown in Table VII. 

^•Hydroxybutyric acid 'prodiuiion by guinea- jng kidney. 

It has already been shown (see Part II) that aeetoacetic acid in the liver 
gives ris(^ to /S-hydroxybut\Tic atdd. Tim transformation occurs also in the 
kidney. Tlu* results of a numlx^r of experimemts carried out to determine the con- 
ditions effecting this transformation are shown in Table \T1I. The rate of appear- 
ance of ^-hydnixy butyric acid (expr(\ss(‘d as ml. of gas at x.T.P. ])er hour per 
mg. dry tis.suc) is given by the symbol . 

Table \TII. Production of ^-hydroxyhutyrlr add presence of guinea- 

pig kidney from acetoaceiic acid. 


lOngor solution, NaHCH),,- (H)25 3/. O^, fr)^\, 

(tlucoHo U Hodium pyruvate — 0*U0l» 3/ ; H(*N -.0*tM)4 3/. 


Lvp. 


-■(Uy 

(*>v. 

1 

Sfwlium a<*etoa<‘etate (0*(K)7 3/) 

0 84 

— 


,, ■+ glueose 

0-85 

— 

0 


O-Oti 

— 


,, -» glueose + pyruvate 

04)9 

— 

3 

Sodium acf'toaeetate (0*(K)58 3/) 

0-99 



+ HCN 

1 -34 

— 

4 


0-83 

— 


r. 4 HCN 

J-IO 

— 

5 

Sodium aeetoaeetate (0*0123/) 

M9 

-- 


„ -1 glueose -r pyruvate 

1-25 

— 


„ ^ HVS 

2*03 

— , 


„ 4 - Hl>N -r gluc'ose 4 pyruvate 

3*18 

— 

0 

Sodium aeetoaeetate (0*007 M) 4 HCN 

1-2.5 

2-4 


„ i- HCN -4 glucose 4 pyruvate 

2-84 

3-2 

7 

Sodium acetoaeetato (0*1X)7 3/) 4- H('N 

M() 

1-49 


„ + HC’N 4 glueose pyruvate 

2-25 

2*70 

8 

Sodium acseotacetate (0’<X)74U) 4 HCN 

1-08 

— 


„ 4- H('N -4 glueose 

1*33 



„ 4 “ HCN 4 glueose t pyruvate 

1*48 

— 


Details of the micro-estimation (gravimetric) of j8-hydroxy butyric acid are 
given in Part 11. It is necessary in estimating jS-hydroxy butyric acid production 
from acetoacetio acid in presence of glucose, cyanide e/c. to carry out control 
estimations in absence of tissue. All figures quoted in Table VIII have been 
corrected for the “blanks’*. 
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The following results are of note : 

1. The value of under normal aerobic conditions is unaffected by the 
presence of glucose or of a mixture of glucose (0-009 Af) and pyruvate (0-009 Af) 
(Exps. 1, 2, 5). 

2. The value of is definitely increased in presence of cyanide (0-004 Af) 
(Exps. 3, 4, 5). 

3. The addition of glucose, or of glucose together with pyruvate, to kidney 

tissue in presence of cyanide increases the value of (Exps. 5, 6, 7, 8). The 
value of may be increased under these conditions by as much as 100 % . 
Moreover, imder these optimum conditions for the breakdown (in presence of 
cyanide) of acetoacetic acid, becomes comparable with —Qact break- 

down of acetoacetic acid, under these conditions, can be almost quantitatively 
accounted for by transformation into ^S-hydroxybutyric acid. 

It is clear from thesis results that glucose (or glucose 4* pyruvate) affects 
greatly the transformation of acetoacetic acid into )3-hydroxy butyric acid, this 
l^ing readily observed in the presence of cyanide when the respiration of the 
tissue is practically entirely eliminated. 

Under normal aerobic conditions production of /S-hydroxybutjnic acid cannot 
account for more than one-quarter to one-tliird of the acetoacetic acid broken 
down ; presumably most of the remainder of the acetoacetic acid broken down is 
oxidised to CO^ and HgO. 

Effects of glutathione and ascorbic acid on acMoacelic acid breakdown by kidney. 

Results of the action of glutathione and ascorbic acid on acetoacetic acid 
breakdown are shown in Table IX. 


Table IX. Effects of glutathione and ascorbic acid on aceioacetate breakdown. 


Kxp. 

1 

2 


3 

4 

5 

B 

7 

8 
9 


Sodium acetoacetato =r 0 0058 M . 

Kinger solution, NaH CX)8r- 0*025 itf. 5% 95% N,. or 95'’;, Oj. 

GSH (glutathione) mg./ml. (except in Exp. 1 where it is 2*3 mg./ral.). 
Ascorbic acid --3*3 mg./ml. (except in Exp. 8 where it is 2*5 mg./ml.). 


Tissue 

Acetoacsetati* 

alone 

Acetoacotate 
f G8H 

AcetoacetaU* 
4‘ ascorbic 
acid 

Guinea-pig kidney 

2*1 

2*8 

1*8 

»» 

4*2* 

4-2* 


M 

2*5* 

3*1* 




2*2"“ 

3*2* 




r*7t 

3*lt 

2-2t 

Rat kidney 

2*8 

3*5 


» • 

2*9* 



n 

2*0t 

4it 

_ . 


r>*8 

9 2 




2*7 

43 

2*8 


1*8 

3*2 

2*2 


^ Glucose added at a concentration of 0*009 jl/. 
t Glucose (0*009 if) and HCN { 0 -imM) added. 


Gaseous 

phase 


Ng/CO, 

G*/CX)* 

N*/CO* 

N,/CO, 

Nj/CO, 


Na/CO* 

N,/C(>, 

NJQi\ 

OJCi\ 

N»/C0e 

N^/CO^j 


Under normal aerobic conditions the addition of glutathione to acetoacetic 
acid in presence of kidney causes little or no change in its rate of breakdown 
(Exps. 2, 7). 

Under anaerobic conditions however the presence of glutathione a 

pronounced acceleration of the rate of disappearance of acetoacetic acid, this 



ACETOACETIC ACID METABOLISM 


2779 


being the case whether glucose is added or not. The presence of cyanide (Exps. 4, 
6) does not diminish this effect of glutathione'-. In Exp. 6 an acceleration of the 
order of 100%, due to glutathione, is recorded. 

There can be no doubt from these results that the presence of glutathione in 
the tissue must be a factor contributing to the anaerobic disappearance of 
acetoacetic acid. 

A few experiments carried out with ascorbic acid show no definite effect of 
this substance on the rate of anaerobic change of acetoacetic acid in the kidney 
(Exps. 4, 8, 9). 

Effects of added fatty acids on acetoacetic acid breakdown. 

The addition of sodium salts of fatty a(‘id8 to kidney reduces the apparent 
rate of breakdown of acetoacetate. Only acetate, propionate and butyrate have 
been investigated so far and tlieir effects are specially noticeable with guinea-pig 
kidney. The results are noted in Table X. 

Table X. Effects of added fatty acids on acetoacetic acid breakdown. 

Sodium acctoa<‘etat<i‘ — 0 ()058 Jf. 


Cxp. 

Tis«u(' 


Qo.^ 

Qk. 



Glyforopho.‘‘phate buffer. Og. 



1 

( hi iiioa-pig 

Acetoacetate 

17*9 

-4-5 


kidney 

, , -t acetate 0*( )33 M 

18*3 

-2-0 



Bicarbonate-Kingcr solution. 95 % 0* + 5 M )a . 



2 

,, 

Acetoacetate 

— 

-3-9 



„ -f acetate 0*01 6 M 

— 

- 2-7 

:j 

Rat kidru'V 

Acetoacetato 

— 

-5-7 



„ -h ai'ctate 0*0 1 (i M 

— 

-4-6 



05% ^8 + 5% CO,. 



4 

CruiiK’a-}Hfr 

Acetoacetate 


-21 


kidnc*> 

^ acetate (H) If) iU 

__ 

-1-6 



05% 0,4 5% CO,. 



5 


Acetoacetate -h H (^N {0-002 M ) 


-1*8 



„ 4- H( 'N + acetate 0*01 6 M 

— 

-2-1 

(> 

»♦ 

Acetoacetate 

~ 

-3*9 



,, -f propionate 0-016 M 

— 

- 1*6 

7 


Aci'‘toacetate 

— 

-3*9 



, . ■¥ propionate 0*016 M 

— 

- 2*4 

8 

Rat kidney 

Acetoacetate 


-4*8 



„ + propionate 0*033 M 

— 

-4*8 



„ 4- propionate 0-1 M 

— 

-4-3 



Glycerophosphate buffer, 0,. 



9 

Guinea'pig 

Acetoacetate 

17*7 

-4*3 


kidney 

Propionate 0*016 M 

14-0 

0-0 



Acetoacetate + propionate 0-016 Af 

15-7 

- 1-6 



95 %N, 4- 5% CO,. 



10 

»» 

Acetoacetate 

— 

-20 



„ 4* propionate 0-016 M 

— 

-1*7 



Glycerophosphate buffer. 0,. 



11 


Acetoacetate 

16-6 

-4-3 



Butyrate 0*016 Af 

19-2 

4 1-2 



Acetoacetate + butyrate 0-016 Af 

16-0 

-1-8 



96% N, 4-6% CO,. 



12 

Guinea-pig 

Acetoacetate 

— 

-2-0 


kidney 

„ 4- butyrate 0-016 M 

— 

-1-6 
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The inhibitory effects of acetate and butyrate (Expa. 1, 2, 11) niight be ex- 
plained as due to the ketogenic efFects of these acids ; for it would be expected 
that the enzyme dealing with acetoacetic acid would be saturated when in 
presence of the concentration of acetoacetate used in these exjK^riments and 
hence would not be able to deal efiFectively with any acetoacetic acid produced 
by acotic and butyric acids. 

The inhibitory elfeeta of propionate (Exps. 6, 7, 9) cannot however be ex- 
plained in this way : the explanation for tliis inhibition must await further inves- 
tigation. 

It is of interest that the propionate inhibition which is so pronounced with 
guinea-pig kidney seems only to occur at relatively high concentrations with rat 
kidney (Exp. 8). 

Under anaerobic conditions, or in presence of cyanide, the inliibitions of 
acetate, propionate and butyrate are diminished or eliminated (Exps. 4, 5, 10, 12). 


Effect of tnahnic acid on acetoacelic aHd breakdown. 

It was shown in tlu' preceding paper (Part III) that the ])reHence of malonate 
increases the ratt\s of .spontaneous acetoacetic acid production by rat and guinea- 
pig livers. It w ill now lx* shown that malonate exercises a large inhibitory effect 
on the breakdown of acetoacetic acid in the presence of rat kidney. 

Typical results are shown in Table XI. Four exx)eriments demonstrating tlu* 
action of O-OIOAT malonate are showm in Series 1, and another four demonstrating 
the action of O'OOHilf malonate in Series 2. The former (concentration of 


Table XI. Effect of nmloriic acid on acetoacetic acid breakdown. 


Rat kidtioy . At ctoacetate - 0-00.18 M. 95 -f 5 C ’( > 2 . 
Bjcarbonatf-Uiiij^er Holutioii, NaHOOj -0*925 i>/. 





Va. 



Exp. 

YCv. 

Exp. 

Exp. 


A 

R 

I) 

iSrrirs 1. Aretoarrlatr 

4-08 

5-07 

5-08 

5- 13 

,, -f sodium malouate 

2-04 

1-41 

2 m 

1-89 

Series 2. Aretoarrtatr 

4-82 

5-00 

5-80 

5-45 

„ 4- sodium malonate 0-098 A/ 

2-05 

:i42 

300 

3-52 


Exp, 1. 05%N2 fo^CO^. 

Are toaco tate 2 • 1 

„ + sodium malonate (J OKiJ/ 1*7 


Exp. 2. Rat livtT. 95 «« ( -f 5 ^>0 CiOjj . 


^rissuc alone 

„ -I sodium malonate 0*94 J/ 

„ 4 aoetoar’-etate 0*<M)58J)!/ 

„ 4 aeotoac<‘tate O-OOfiSAi h malonate 0‘(>4 i/ 


Vac 
+ 0*20 
+ 1-2 
- I dl 
+ 0-8 


malonate gives an average inhibition of 63%, the latter of 42%, of the rate of 
breakdown of acetoacetate with rat kidney. This effect occurs only aerobically, 
there being little inhibitory effect of malonate in presence of nitrogen (Exp. 1, 
Table XI). A similar inliibitory action of malonate occurs also with rat liver 
(Exp. 2), and doubtless this phenomenon explains the action of malonate in 
apparently increasing acetoacetic acid formation with liver slices (see Part III). 

Some possible interpretations of the malonate inhibition of aerobic aebtoaoetio 
acid breakdown may now be considered. 
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The first obvious possibility is that malonatc competes with acetoacetic acid 
for the enzyme involved, just as it has been shown [Quastel and Wooldridge, 
1928] that malonate competes with succinate for succinic dehydrogenase. It is 
unlikely, however, that this vi<}w is wholly correct because the addition of sodium 
fumarate to the acetoacetate-malonate system partially neutralises the malonate 
effect (Exps. 1, 2, Table XII). Should it be held that the alleviating action of 

Table XII. 

Rat kidney. Aecitoaeetate J/ . 95 O 2 +5% CO^ : biearbonate-Jlinger holution. 


:xp. 


-Qk. 

1 

At‘(‘toa<*etat(‘ 

5-60 


,, 4 fumarate 04) J (i M 

5-94 


„ ^ malonate 0-0()8 jI/ 

3-42 


„ r fumarate O-Olti Ji t malonate 0-008 iU 

4-70 

2 

Aeetoacetate 

5-80 


„ 4 fumarate 0-033 

5 92 


,, i malonate 0-<MJ8 AT 

3-OtJ 


+ furaarat<‘ 0 033 M malonate 0-008 M 

5-05 


Aeetoacetate 

4-H8 


la<*tate 0-018 J/ 

5-27 


.. r malonate 0 01t> 3/ 

2-04 


„ i lactate 0-018 J/ + malonate 0-010.1/ 

4-08 

4 

Aeetoacetate 

5-31 


,, malonate 0-008 iV 

3-01 


malonate 0-(H)8 J/ - lac*tate 0-018.1/ 

5-88 


„ 1 malonate 0-008 M -t-aUiiune 0-019 J/ 

5-79 

5 

A(‘Otoa(H‘tat«‘ 

5-18 


„ • makmale o-tMtS^l/ 

2-73 


,, -4 malonate 0-008 J/ * lactate 0-018.1/ 

4-47 


,, 4 malonate 0 (K»8 M 4 - alanine 0-019 M 

3-50 

(> 

Aeetoacetate 

4-41 


► malonate 0-<M)8 M 

2-12 


,, 4 malonatt* 0*0(»8.1/ lactate 0-018 M 

411 


malonaU^ 0-(K)8 J/ 4- alanine 0-0183/ 

3-52 

7 

Aeetoa(.*etate 

5-13 


,, glucose 0-0()9 .1/ 

5-32 


, , -4 malonate 0*0 1 0 3/ 

1-89 


,, 4' raalonat*' 0-010 3/ -t glucose 0-009 .1/ 

2-48 

8 

Aeetoacetate 

5-05 


„ 4 malonate 0-008 3/ 

3-04 


, , 4 ma Innate 0-008 3/ -f lactate 0-0 1 8 3/ 

4-91 


- 4 - malonat<^ 0-008 .1/ -i-ghu^ose 0-009 3/ 

2 92 


fumarate is due to its competition with malonate for the acetoacetic enzyme, 
then it follows that fumarate itself should inhibit acctoacetate breakdown. This 
does not occur; in fact, fumarate exercises a very slight accelerating action 
(Exps. 1, 2, Table Xll). 

The next possibility is that acetoacetak? oxidation is accomplished by a 
succinic-fumaric-oxaloacetic system acting catalytically in the sense described 
by Szent-Qyorgyi and his coiloagues [1935]. On this view aeetoacetate would 
be oxidised by oxaloacetate, the latter molecule becoming reduced to fuma- 
rate and succinate. Those substances would re-form oxaloacetate under normal 
aerobic conditions. In the presence of malonate, the oxidation of succinate is 
inhibited and therefow) the succinic-oxaloacetic system is no longer reversible ; 
such oxaloacetic or fumaric acid as is prt^sent in the tissue becomes ultimately 
reduced to succinic acid. In this manner malonate would be held to inhibit 
the oxidation of aeetoacetate. Addition of fumarate neutralises the malonate 
inliibition simply by re-forming the fumaric-oxaloacetic system. 
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According to this theory, no substance should neutralise the malonate in- 
hibition except one which gives rise to the suocinic-fumaric-oxaloacetic catalytic 
system. Thus it might be expected that the addition of malic or aspartic acid 
(which gives rise to oxaloacetic acid on oxidation) would neutralise the malonate 
effect. But it would not be expected that substances such as lactic acid or alanine 
could accomplish such a neutralisation. This, however, is what in fact occurs. 
Exps. 3, 4, 5, 6, 8, Table XII show that both lactate and alanine in a Ringer 
medium diminish the malonate inhibition ; neither of these substances shows 
any marked acceleration of acetoacetate breakdown in the absence of malonate. 

Such results as these do not mean, of course, that the second |X)S8ibility, just 
outlined, is incorrect; but they do mean that a separate explanation would have 
to be found for the partial neutralising effects of lactate or alanine. Our experi- 
ments on this point are so far not very numerous, but sufficient perhaps has 
been done to justify our putting forward the following suggestion. 

Let us assume that the oxidation of acetoacetate in the tissue under aerobic 
conditions is a coupled one, the reaction depending on the oxidation of other 
substrates in the cell. The assumption may also be made, in order to give 
definition to this view, that the coupling is effected in the cell by hydrogen 
peroxide this substance being normally produced in the oxidation of cell sub- 
strates. We have then the following processes : 

(1) cell substrates + O 2 HgOg-f products of substrate oxidation, 

(2) acetoacetic acid -f H 2 O 2 oxidation products of acetoaeetic acid. 

In presence of a given concentration of acetoacetate the velocity of process (2) 
will be determined by the amount of “active** oxygen supplied by the hydrogen 
peroxide after activation by its appropriate enzymes (peroxidase, catalase). It is 
not unreasonable to suppose that when the ccU is working under optimum aerobic 
conditions the enzymes dealing with hydrogen peroxide are saturated and pro- 
cess (2) proceeds at a constant rate. The addition of further oxidisable substrates 
which might increase the available amount of HgOg in the cell would not 
necessarily increase the rate of process (2). If however a substance is added to the 
cell which diminishes the velocity of process (1), it follows that the amount of 
HgOg produced may fall below the saturation concentration of its activating 
enz 3 naie and the velocity of process (2) will diminish. The addition to the cell, at 
this point, of substances restoring the velocity of process (1) should also have 
the effect of restoring the velocity of process (2). 

This view seems to account for the facts obtained so far. Lactate, alanine and 
fumarate raise the respiration of kidney slices and therefore may, as possible 
HgOg formers, neutralise, or partially neutralise, malonate inhibition. Glucose, 
which seems not to affect markedly the respiration of kidney, has but little 
neutralising effect on malonate inhibition at the concentration at which it has 
been tried (Exps. 7, 8, Table XII). 

Effect of benzoic mid on acetoacetic acid breahdmm. 

Sodium benzoate is a much more vigorous inhibitor of acetoacetate break- 
down in the guinea-pig kidney than in rat kidney. A few typical results are shown 
in Table XIII. It be observed that with guinea-pig Iddney, 0*005 M sodium 
benzoate brings about 40 % inhibition of the rate of breakdown of acetoacetate 
(Exp. 4). Under anaerobic conditions this concentration of benzoate has but 
little effect. 

It is of interest that the inhibitory action of benzoate on acetoacetic acid 
decomposition is considerably smaller than on the oxidation of the lower fatty 
acids by liver (see Part II). 
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Table Xlll. Effe^ct of sodium benzoate, on acetoacetic acid breakdown. 

Adctoacetate = 0*0058 M. 

~ Q\c 

Exp. 1. Rat kidno}'. Ringer solution, 95% -f 5^*', C-O^. 

A rctoacetate 4*4 

„ -4 benzoate 0*02 il/ 41 

„ + benzoate 0*01 A/ i j 

Exp. 2. Rat kidney. Ringer solution, 95% (> 2 + 5*^0 ^’^^ 2 * 

Acetoaeetate 4*8 

„ f benzoate 0*02 jW 3*8 

,, + lK*nzoate 0*01 M 4*4 

,, f benzoate 0*CK)5 J/ 4-7 

Exp. 3. (biinea*pig kidney. Ringer solution, 95 C( ),. 

Aeetoacetate ^ 4*8 

,, -k- lienzoate 0*02 A/ 1*(> 

,, f iKUtzoate 0*01 M 2*5 

Exj). 4. (luinea-pig kidney. Ringer solution, 95 CO.,. 

Aectoaeetaio 4-3 

,, - benzoate 0*(M1.>A/ 2 0 

Ringer's solution, 95 2o C- 

.Aeetoaeetat<‘ 2*4 

,. lM*nzoate 0*(M)5 A/ 19 


Effects of iodoacHic and arsniious acids on acdoarefic add- breakdown. 

Botli i<Kic>a('otatf* and arHonitt' greatly inhibit the decom]>osition of acetoacetic* 
acad b}’ kidney. Typic'ul resultn an^ shown in Table XIA". Arsenitt' at a concentra- 
tion of 2*5x10'”^ 3/ inhibits tlu' breakdown of acetoaetdie acid in guinea-pig 
kidney by ov(‘r 7(1%, and iodoacetate at a eoneentration of 3*8 x 10“^ M brings 
about an inliibition of the same order. 

Table XIV. Action of iodoacetic and arsenious acids on aaioacetic acid 

breakdown . 


Aeet.oaeetate eoiu-eiitration - 0*9058 A/. 95 ^Vi Oj + 5'’o Ct>^ . 
Ringer solution, XaHCOg — 0*025 A/. 


(h. 


Exp. 

'I’issue 

/ 

No iodoaceiie 
aeid addecl 

% 

Jodoact'iic 
acid present 

( onei'ntration of 
lodoaeotic acid 
(Na salt) 

1 

tluinea-pig kidney 

3*7 

1*2 

M 3000 

2 


4*0 

00 

,, 

3 

9f 

3*4 

3*2 

,, 

4 


4*3 

M 

,, 

5 

Hat kidney 

P* 

4*0 

1*8 

A/ 2250 

0 

50 

2*(» 

,, 

7 

f9 

5*0 

2*0 


8 

(vuinea-pig kidney 

No arsenite 
added 

~41 

Arsen ite 
present 

-0*7 

Concentration of 
sodium arsenite 

3//1000 

9 

f* 

-4*1 

-1*2 

Ai/40()0 


Bioohem. 1935 xxtx 


177 
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Effects of minced kidney and of kidney extracts on acetoacetic acid breakdown. 

It is of interest that the effect of mincing kidney (rat or guinea-pig) is to 
diminish but not to eliminate acetoaoetate decomposition. The following results 
were obtained : 

Acetoaoetate conoentratioii = 0*0058 M, Ringer solution, 95 % Oj + 6 % COj . 

"" ^Ac 


Rat kidney Intact slices 4*7 

Minced tissue 2*9 

(luiiiea-pig kidney Intact slices 3*8 

Minced tissue 1*3 


On making an extract of kidney, by grinding it with sand in four times its 
volume of JI//50 phosphate buffer 7*4) and centrifuging, it was found that the 

opalescent centrifugate possessed some power of breaking down acetoacetic acid. 


The following results were obtained with rat kidney : 


Acetoacetic* 




( >2 consumed 

a<;id found 




in 2 hr. (37°) 

after 2 hr. 

Exp. 

ml. 


pi. 

pi. 

1 

o 

Kidnc}* extract 

1349 

Nil 


2 

Kidney extract - 1 - acetoacetate (377 pi.) 

162 

324 


i.f. iTicrease in Og uptake ==27*1 pi. and acetoacetate decomposed —53 pi. 




<>2 

A(;etoaeetic 




consumed 

acid found 

Exp. 

ml. 


pi. 

Ml. 

2 

2 

Kidney extract 

118 

Nil 


2 

Kidney extract aeetoacotate (379 pi.) 

143 

322 


ue, incrcfitse in O 2 uptake— 25 pi. and acetoacetate decomposed — 57 pi. 



Discussion. 

It is obvious from the facts given in this paper that acetoacetic acid under- 
goes at least two changes in the kidney : 

(а) an anaerobic transformation ; 

(б) an aerobic oxidation. 

The two processes are quite distinct as is clear from the fact that inhibitors {e.g. 
malonate, propionate, benzoate, cyanide), which may greatly affect the aerobic 
change, have but little effect on the anaerobic change. 

The anaerobic change consists principally of a transformation into jS-hydroxy- 
butyric acid ; this is shown by the fact that kidney, in presence of cyanide and 
glucose, shows a production of j3-hydroxybutyric acid which is of the same order 
as the rate of breakdown of acetoacetic acid. The anaerobic process of breakdown 
or the process in presence of cyanide is accelerated to some extent by glucose and 
to a larger extent by glutathione. The rates of aerobic breakdown of acetoacetic 
acid are not nearly so much affected either by glucose or by glutathione. Tliis 
may be explained partly by the fact that jS-hydroxybutyric acid is oxidised by 
kidney ; a few experiments with guinea-pig kidney have indicated that the rate 
of breakdown of jS-hydroxybutyric acid is of the same order as that of aceto- 
acetic acid.^ We may assume that normally in the kidney cell there exists an 
equilibrium between acetoacetic and j8-hydroxybutyric acids. This equilibrium 
is determined on the one hand by the source of active hydrogen (glucose, 
pyruvate, glutathione) and on the other hand by the supply of active oxygen, 

^ The facts given in this paper do not invalidate the possibility that acetoacetic acid may only 
suffer oxidation after prior reduction to j8-hydroxy butyric acid. 
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It is of particular interest that glutathione should markedly affect the rate 
of anaerobic transformation of acotoacetic acid. The fact that no stimulation 
occurs aerobically may be taken to mean that the effect of the glutathione is not 
due to an activation of the enzyme concerned with aceioacetic acid breakdown, 
and it is likely therefore that the anaerobic effect is due to a reduction of ketonic 
acid by the sulphydryl compound. Should this be confirmed by further exjKjri- 
ment, the phenomenon will provide an interesting example of the participation 
of glutathione in a ketonic acid -hydroxy-acid equilibrium. 

Production of j5-hydroxy butyric acid does not account for more than 
ojK'-quarter to one-third of the acetoacetic acid broken down under aerobic 
conditions. The rest of the acetoacetic acid broken down is probably mostly 
oxidised to COg and HgO. This oxidation is, in the rat kidney, greatly inhibited 
by the addition of malonate and the malonate inhibition is neutralised, or partly 
neutralised, in a Ringer medium, by the further addition of substances burned 
by the kidiK'v. Such substances are fumarate, lactate and alanine. Glucose, which 
does not increase kidney respiration appreciably, does not neutralise the malonate 
inhibition. It is suggestf^<i that an explanation of these facts lies in assuming that 
the oxidation of acctoacetate is a coupled one, the reac^tion depending on the 
oxidation of other cell substrates. Granting the truth of this assumption, which 
explains adecpiately the facts in this paper, there seems no reason to adopt the 
vi<‘W that malonate inhibition of acctoacetate breakdown might be due to the 
inhiV)ition of a succinic acid catal 3 dic system. Such a view will not explain 
th<* neutralising effects of lactate and alanine. 

Tliat the malonate inhibition may be due to the inhibition of a process 
involving sintcinic acid formation and oxidation seems feasible, but that it should 
be taken to indicatt* the pn^sence of a catalj^tic system controlling the entire 
respiration of the tissue is doubtful, if only because of the facts already cited. 
It has alread^r been pointed out [tJowettand Quastel, 1935, 3] that malonate acts 
very differently on the respirations of guinea-pig liver and rat hver and a similar 
difference occurs with the kidneys. Malonate inhibition of acctoacetate break- 
down is (considerably less at the concentrations tried with guinea-pig kidney 
than with rat kidn<‘y. 

Summary. 

1. Ac(^toacetic acid is broken down under both aerobic and anaerobic con- 
ditions by rat and guinea-pig kidneys (cortex slices). 

2. The presence of cyanide reduces the rate of aerobic breakdown of 
acetoacetic acid to the anaerobic level. 

3. Production of jS-hydroxybutyric acid accounts for only one-third to 
one-quarter of the acetoacetic acid decomj)Osed under aerobic conditions. The 
presence of cyanide increases j8-hydroxybutyric acid production, and the rate of 
the latter in presence of cyanide is increased by addition of glucose, or of a 
mixture of glucose and sodium pyruvate. 

4. The anaerobic transformation of acetoacetic acid is greatly increased by 
the addition of glutathione but not by ascorbic acid. The aerobic change is un- 
affected by glutathione. 

6. Salts of acetic, propionic and butyric acids inhibit aerobic oxidation of 
acetoacetic acid (guinea-pig kidney). They have little effect on tlie anaerobic 
process. 

6. Sodium malonate greatly inhibits aerobic oxidation of acetoacetic acid 
(rat kidney)* This inhibition may be neutralised, or partially neutralised, when 
experiments are carried out in a Binger medium by the addition of sodium 
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fiimarate, sodium lactate or alanine. It is suggested that the oxidation of 
acetoaeetic acid is a coupled one, depending upon the oxidation of other cell 
substrates. 

7. Benzoic acid has a much greater inhibitory effect on acetoacetate break- 
down in presence of guinea-pig kidney than in presence of rat kidney. lodoacetic 
and arsenious acids are highly inhibitory. 

8. Minced kidney and kidney extracts show an ability to break down 
acetoaoetic acid. 

One of us (A. H. M. W.) is grateful to the Medical Re.search Council for a 
whole time grant. The thanks of both of us are due to this body for a grant in aid 
of equipment. 
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CCCXXXL URICASE AND ITS ACTION, 

VIII. EXTRACTION AND PRECIPITATION 
OF OX KIDNEY URICASE. 

By RICHARD TRUSZKOWSKI a^v SZEJNA (JUBERMANOWNA. 

From the Biochemical Laboratory, Medical Faculty, Warsaw University, 

{Received Oclober 25th, 1935,) 

Extraction. 

Experimental methods, 

PrejHiraiion of uricase, Urioaw^ was in some eases prepared according to the 
method deseribed in Part vii fTruszkowski, 1934] (this will b(‘ tenm^d Method I), 
The following proc<'dure (Method II), which has the mc^rits of economy of 
material, timt* and labour, was later adopted. The extracts are mort‘ highly 
coloured than are those of uricase prejiared by the previous method, but for 
many pur|K)He\s they serv(' equally well. 

Minced ox kidney was pla(H*d in a 10-litre bottle, and cold wat(T, entt‘ring the 
bottle through a tulx' ntaching to the bottom, was run through until the super- 
natant li(piid b(‘came (juite clear and colourless. The residual tissue, freed in this 
way of its soluble constituents as well as of smaller insoluble particles, was dried 
at 37 in a current of air, and the dry ri'sidue was ground to an impalpable 
powder in a mill. Th(' y(‘llow powder so obtained exhibits considerable uricolytic 
activity, and on extraction with aqueous Na^/X)., affords deep yellow, active 
extracts, often fM^SHCssing a disagreeable odour. The quality of ilu‘ product is 
greatly improved by rept*ut4*d washing on a Buchner funnel witfi 90 % alcohol at 
room U^m^x^rature, followed by ether; the washing is continued until the filtrate 
becomes colourless. The residue is then washed four times with anhydrous alcohol- 
frcH) ether, spread in a thin layer and dried at 30 ' undtT reducjed })ressure. The 
dry uricase so obtained is a light yellow powder, which can be stored for many 
months without deterioration, provided that trac<‘s of solvent (water, alcohol, 
i^ther) are absent, and that undue exposure to the air is avoided. The yield is 
roughly 100 g. j)er kg. of kidn(\vs. 

Solutions of uri<^ acid were prepared by adding uric acid to boiling aqueous 
NaOH (65 ml, of 0-1 N NaOH per g, of uric acid). The solutions so obtained had 
Pu Uric aeid was determined eolorimetrically by the method of Folin 

and Denis. 

Standardisation of conditions of deterrniruilion of activity of uricase. 10 flat- 
lK)ttomed test-tubes (of uniform calibre), containing various volumes of a 
mixture of uric acid and uricase solutions and 0*5 ml. each of toluene, were kept 
at 37® for 48 hours, the contents of the tubes were mixed once by inversion, and 
uric acid was determined. 

The results, given in Table 1, indicate that the apparent activity of the uricase 
dinainishes at first rapidly, and then more slowly, with increasing height of the 
column of the solution. Since the only difference lx?tween the systems consists in 
the supply of oxygen to the lower layers of solution, it may be concluded that 
dissolved oxygen in the body of the systems is rapidly consumed, and that further 
oxidation can take place only at the expense of fresh oxygen diffusing into the 
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Table I. Effect of varying the volume of the systems on the apparent activity 

of uricase. 

Initial concentration of uric acid is 0-11 %. 

mg. of uric acid after 48 hours at 37® 


Height of column 

Volume of 

in whole system 

of solution 

system 

f 

Oxidised 

cm. 

ml. 

Initially present 

1-2 

1-7 

1-87 

1-87 

3-5 

5-6 

6-16 

4-78 

5-8 

9-5 

10-45 

4-93 

7-3 

12-0 

12-1 

4-76 

9-2 

15-1 

16-61 

5-01 

IM 

17-6 

19-36 

5-81 

12-7 

21-4 

23-54 

4-28 

14-4 

23-9 

26-29 

4-78 

16-3 

27-7 

30-47 

5-07 

19-6 

32-6 

35-86 

4-71 


liquid from the atmosphere. This oxygen is, however, used up in the upjier layers 
of solution as fast as it diffuses into the liquid, with the result that, after a time, a 
zone forms in which uric acdd is completely oxidised, whilst the lower layers, 
being under practically anaerobic conditions, remain unchanged. Obviously, the 
thiclmess of the “oxidised layer’' will increase with time, but this process, being 
dependent on diffusion of uric acid to the upper and of oxygen to the lower 
layers, is relatively extremely slow. 

In the experiment described in Table I it will be observed that, except in the 
first test-tube, the total amount of uric acid oxidised is approximately constant 
in all the systems, the mean value being 4*9 mg. This would represent almost 
entirely uric acid oxidised in the upper zone and coiTe8j)onds with a depth of 
2*72 cm. for the zone in question. 

It follows from the above experiments that care should be taken, in comparing 
the activities of different samples of uricase, that the total volume of solution 
should be the same in all cases, and that the containers should as far as {X)S8ible 
be of the same shape and size. A further consequence of the above mechanism is 
that, even under strictly comparable conditions, the amount of uric acid oxidised 
will not necessarily be directly proportional to the concentration of uricase, i.e., 
that the apparent activity of a given preparation may vary, according to its 
relative concentration. 

The following experiment illustrates this point. 0*5-3 ml. of uricase solution 
were added to a number of flasks containing 10ml. of 0*1% uric acid, and 
0*16% Na 2 C 03 was added to make the volume up to 13 ml. in all the systems, 
which were then incubated at 37 ’ for 18 hours, and uric acid was determined. 
The results (Table I a) indicate that the number of mg. of uric acid oxidised per 

Table T a. Activity of a given preparation of uricase taken in different 

concentrations . 


All systems contain iTutially 10-81 mg. of uric acid. 


Volume of uricase 
taken 
ml. 


mg. of uric acid 


In system 

Oxidised 

" 

Oxidised per ml. 
of luicase 

0-5 

7-26 

3-55 

7*1 

1-0 

5*98 

4-83 

4-83 

1-5 

4*6 

6-21 

4-14 

2-0 

3-45 

7-36 

3*68 

3*0 

2-1 

8-71 

2-9 
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ml. of uncase solution varies from 7*1 when 0*5 ml. of preparation are taken to 
2*9 when 3 ml. are present. 

It was shown in Part IV of this series [Truszkowski, 1930] that the activity 
of insoluble preparations of uricase varies widely with the pjj of the medium, 
and that the optimum pjj is about 9-0. Identical results were obtained for dis- 
solved uricase. 

On the basis of the foregoing, the following standard conditions for the 
determination of the activity of uricase were adopted. The systems should 
consist of 10 ml. of 0- 1-0*2% uric acid solution, 1 ml. of uricase solution and 
0*5 ml. of toluene, in 100 ml. Erlenmeyer flasks, which should be as far as 
possible of uniform shape. The addition of buffer solution is not necessary, since 
systems prepared as above are of a suitable jpjj . Ileterminations may be made 
after any time of incubation at 37® ; usually 18 hours will be the most convenient 
time. 


Determination of optimum conditions of extraction. 

Concentration of Na^COs, Ro [1931] found that the most active extracts are 
obtained using 0*125 % Na^COg . The experiments described below indicate that 
the optimum concentration of alkali varies according to the preparation of dry 
uricase taken and should be determined separately in each case (Table II). 

0*2 g. portions of dry uricase were kept for 48 hours at 37® with 20 ml. 
portions of 0 03-0*2 % Na^jCOa and 1 ml. of toluene, the suspensions were filtered, 
I ml. of filtrate was addexi to 10ml. of uric acid solution, and uric acid was 
d('termined after 18 hours at 37®. 


Table IT, Dependence of activity of uricase solution on the Na 2 COs concen^ 

tration. 

All flaslcR contain 10 ml. of uric acid, 1 ml. of extract and 0*5 ml. of toluene. 


mg. uric acid after 18 hours 



Concentration 

Vn 


at 37'= 


Nature of 

Na^Cl Ij 

.K 


_ _ A _ 


r 


f 


preparation 

(> 

0 

initial 

Final 

In control 

Oxidised 

Rabbit liver 

004 

— 

— 

7*7 

2*5 

(Method 1) 

008 

.... 

— 

7*7 

5*6 

01 2 

. — 

— 

7*7 

4*6 


0-16 

— 

— 

7*7 

4*3 


0-2 


— 

7*7 

2*0 

Ox kidney 

003 

9*95 

8*28 

7*7 

3*0 

(Method I) 

004 

10*34 

8*48 

7*7 

5*0 

006 

10*44 

9*55 

7*7 

5*7 


008 

10*57 

9*69 

7*7 

6*1 


01 

10*69 

9*95 

7*7 

5*3 

Ox kidney 

004 



— 

8*8 

4*4 

(Method II) 

008 

— 

— 

8*8 

6*4 

01 



— 

8*8 

8*2 


012 




8*8 

8*56 


016 




8*8 

8*8 


0*2 

— 


8*8 

8*6 

Ox kidney 

0*04 

9*5 

7*7 

5*9 

1*7 

(Method I) 

0*08 

10*1 

8*7 

5*9 

4*2 

0*12 

10*34 

9*42 

6*9 

4*2 


0*16 

10*38 

9*56 

5*9 

3*6 


0*2 

10*51 

9*37 

5*9 

3*5 


The results given in Table II indicate that the strength of the extracts first 
rises as the concentration of Na^CO^ increases and then falls. This effect is 
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interpreted as being the resultant of two opposed processes; dissolution of some 
substance of an acidic nature, and denaturation by alkali. 

It was thought, in view of the above, that more active extracts might bo 
obtained by adding the NaaCO, gradually during the course of the extraction ; 
this possibility was investigated in two ways. In one, the concentration of the 
NagCOg was kept constant, but its volume was gradually increased; 0*5 g. of 
uricase (Method I) was allowed to stand at 37° for 18 hours with 10 ml. of 0*08 % 
NagCOg, a further 10 ml. portion of wliich was added after 25 hours and 20 ml. 
after 42 hours. 2 ml. of the extract obtained after 48 hours added to 10 ml. of 
0*06 % uric acid solution oxidised 1*8 mg. of uric acid after 20 hours at 37° ; under 
comparable conditions, 2 ml. of the extract obtained when 0*5 g. of uricase was 
kept for 48 hours with 50 ml. of 0*08% NagCOg oxidised 4*5 mg. of uric acid. 

The experiment was repeated maintaining the volume of the solution con- 
stant, but progressively increasing its concentration; 100 ml. of 0*03% NagCO^ 
were added to 1 g. of uricase, five 0*01 g. portions of NagCOg were added at 
intervals during 52 hours, to bring the final concentration to 0*08 % ; 2 ml. of the 
filtrate obtained after 48 hours of incubation oxidised 3*0 mg. of uric acid. No 
advantage is therefore gained by varying the concentration or amount of 
NagCOg during extraction. 

Extraction by other solutions. The activity of tlu^ extracts ohtiiined using 
solutions of K 2 CO 3 , NaOH and glycine-NaOH bufiers (Sorensen) was investi- 
gated. 

1 % solutions of K 2 CO 3 , NaOH and NagCOg were add('d to water to bring 
the pjj to 9*65, 0*2 g. of uricase (Method I) was added to 20 ml. portions of th(' 
solutions, the suspensions were filtered after 48 hours at 37° and their uricolytic* 
activity and final value d(‘termined. (2 ml. of uricase, 10 ml. of ()*078% uric 
acid). A series of Sorensen’s glyeine-NaOH bufi’er solutions (30 ml. portions, 
Pjj 7*59-10*2) was prepared, 0*3 g. of uricase addtHl io each portion and the 
activity of the extracts determined. Finally, 2 g. of uricase were extract<‘d as 
above with 100 ml. of 0 * 1 % NagCJOa and the activity of the 

extracts determined. 

Table III. Activity of extracts prepared from uricase and aqueous K 
NaOH and glycAne-NaOH buffer solution. 

All flasks coniaii) 10 nil. of urif acid, 2 ml. of extract or extrac tive solution ami 0*5 ml. of 

toluene. 


Nature of 
extractive 
solution 


i'll 

mg. uric 

acid after 18 hours at 37 ^ 

r 

Initial 

Final 

In control 

In system 

\ 

Oxidised 

Na^COj 

9-6r» 

8-11 

7-8 

3*6 

4*2 

K,CO, 

NaOH 

9*65 

7-74 

7*8 

5*8 

2*0 

9-65 

6-23 

7-8 

7*5 

0*3 

S 0 rensen’s 

7-59 

— 

60 

5*9 

0-1 

buffers 

7*96 

— 

60 

5*4 

0*6 


8-68 

— 

00 

54 

0*6 


9*07 

— 

60 

4*1 

1*9 


9-35 

— 

6*0 

30 

3*0 


9*5 

-- 

6*0 

1*7 

4*3 


9*87 

— 

6*0 

2*9 

3*1 


1006 

— 

60 

5*9 

0*1 


10-2 

— 

6*0 

6*0 

0 


The results, given in Table III, indicate that the activity of the extracts 
depends not only on the initial, but also on the final pjj . Thus NaOH is an un- 
satisfactory solvent owing to the circumstance that the highest conoentration 
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possible without inactivation represents a small amount of base, rapidly neutral- 
ised by the acidic constituents of the dry uricase, with the result that the solution 
becomes actually acid. In conjunction with glycine, NaOH extracts are fully 
as active as are those with NagCOg (at 9-5). It would follow that the essential 
conditions for successful extraction are that the initial p^ be > 9-5-9*6, and the 
final pjj <8*0; any alkaline solution fulfilling these conditions would be an 
equally satisfactory solvent. 

Optimum proportion of dry uricase. A further conclusion to be drawn from 
the above experiments is that the relative concentration of dry uricase taken for 
extraction camiot vary iKiyond certain narrow limits, determined by the 
necessity of maintaining the between 9*5 and 8 0. As is shown by the 
following experiment, it is not possible to obtain extracts much more active than 
those described above by increasing the relative amount of dry uricase. 

A number of 0*5 g. portions of uricase (Method I) were extracted with 50, 40, 
30, 20 and 10 ml. portions of 0*08% NagOOg (pjj 9*84) (48 hours at S?"*), and the 
activity of the filtrates was determined. 

Table I\". Effect of varying the relative proportions of dry uricase on the 
activity of the extracts. 

All flankH contain 10 ml. of 0*075 uric acid, 2 ml. of uricaae and 0*5 ail. of toluene. 


li<‘lative pro- 


mg. of uric 

acid after 18 hours at 37*^ 

portion of dry 

Final 

r- 



, 

uricase ("o) 

Ph 

iii control 

In system 

Oxidised 

0*5 

9*30 

7*5 

6*9 

0*6 

1*0 

8*69 

7*5 

4*4 

3*1 

1*5 

8*00 

7*5 

2*9 

4*6 

2*0 

8*5 

7*5 

2*0 

5*5 

2*5 

8*4 

7*5 

1*9 

5*6 


The results (Table IV) show that no advantage is gained by taking more than 
2 g. of dry uricase per 1(K) ml. of solution, and that the final p^ falls progressively. 

Temperature of extraction. 

2 % suspensions of dry uricjase (Method II) in 0*16 % NagCO^were maintained 
at 37*^ and 20"", and the activity of the susi>t‘nsions and of their filtrates was 
determined alter 24 and 48 hours. 

Table V. Activity of suspensions and extracts after incubation at and at 20\ 

All flasks contain 10 ml. of uric acid, 0*3 ml. of 8uspt‘n.'«ion *f 0*7 ml. of HjO, or 1 ml. of 
extract and 0*5 ml. of toluene. 

mg. uric acid after 20 hours at 

Oxidised 


Tempera- 

Time 

Preparation 




per ml. of 

ture {®) 

hours 

studied 

In control 

111 system 

Oxidised 

preparation 

-- 

0 

Suspension 

8*2 

2*1 

6*1 

20*3 

37 

24 

Suspension 

8*7 

5*9 

2*8 

93 



Piltrato 

8*7 

2*4 

6*3 

6*3 


48 

Suspension 

8*7 

5*7 

3-0 

10-0 



Filtrate 

8*7 

3*2 

6*5 

5*5 

20 

24 

Suspension 

8*7 

4*8 

3*9 

13*0 



Filtrate 

8*7 

2*4 

i6*3 

6*3 


48 

Suspension 

8*7 

4*5 

4*2 

14*0 



Filtrate 

8*7 

1*9 

6*8 

6*8 
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The results (Table V) indicate that about 50 % of the activity of the suspen- 
sion is lost after incubation at 37® for 24 or 48 hours, as compared with about 
34 % at 20®. The extracts possess equal activities after 24 hours, whilst after 
48 hours the 20® extract is the more active. 

It follows that extraction at room temperature is more advantageous than at 
37®, and that considerable inactivation of uricase takes place during the process 
of extraction. 

Duration of eoctraction, 

A suspension of 2 g. of uricase (Method II) in 100 ml. of 0*16 % Na 2 C 03 was 
kept at room temperature (10-16®) for six days, and the activity of a sample of 
the well-mixed suspension and of its filtrate was determined daily. 

Table VI. Variation of activity of suspensions and extracts with time 
(room temperature). 

All flasks contain 10 ml. of 0*115% uric acid, 0*3 ml. of suspension +0*7 ml. of HjO, or 
1 ml. of filtrate or suspension and 0*5 ml. of toluene. 


mg. uric acid oxidised after 24 hours at 36^^ per 
1 ml. of preparation, taken after 


Preparation 

r 

0 

24 

48 

72 

96 

144 hours 

SusiKjnsion 

12*7 

7*3 

8*6 

7*6 

6*3 

6*1 

Filtrate 

— 

6*0 

7*5 

7*5 

6*3 

5-8 


The results (Table VI) indicate that the activity of the extracts is at a maxi- 
mum when the time of extraction at room temperature is 48-72 hours. 

Stability of extracts. 

An extract (p^ 8*7) of 1 g, of dry uricase (Method I) in 0*08% NagCOs (p^ 
9*84) was kept at 37® in a stoppered flask with toluene? for one month, and its 
activity was tested at intervals. The results, given in Table VII, indicate that the 
activity does not change during the first 4 days, is still considerable after 7 days, 
and falls to zero after 36 days. 

Table VII. Stability of extracts of uricase. 

All flasks contain 10 ml. of uric acid solution, 2 ml. of uricase and 0*5 ml. of toluene. 


Time elapsed after 

rtf’ 

mg. 

uric acid after 20 hours at 37° 

extract (days) 

r 

Tn system 

In control 

— > 

Oxidised 

0 

1*7 

5*8 

4*1 

4 

1*7 

5*8 

4*1 

6 

2*2 

5*8 

3*6 

7 

2*2 

5*8 

3*6 

12 

3*2 

6*8 

2*6 

20 

31 

4*6 

1*6 

22 

7*9 

8*8 

0*9 

29 

8-2 

8*8 

0*6 

36 

8*8 

8*8 

0 


Precipitation. 



Precipitation by acetic acid. 

On gradual addition of 1 % acetic acid to the clear extract of uricase the 
solution bf^comes progressively more turbid, and, at the point of maximum 
turbidity a voluminous, flocculent precipitate separates, leaying a clear, lig^t 
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yellow supernatant liquid when centrifuged or allowed to settle. Further addi- 
tion of acid leads to the re-dis|>ersion of the precipitate, to yield finally an 
opalescent solution, addition of 0-2% NagCOg to which leads to the same 
changes, in the inverse order. 

This preliminary experiment indicates that some amY)hoteric substance is 
present, and that its precipitation takes plac.e at the isolectric; point. 

Cmditiona of precipitation of uricase. 

Acetic (zeid. The following experiments show that the activity of the precipi- 
tate rises with increase in the quantity of acid added to a maximum, correspond- 
ing with the jx)int of maximum turbidity ; the activity of the centrifugate falls 
continuously, whilst both the precipitate and the centrifugate are inactivated by 
addition of excess of acid. 

A 2 % suspension of dry uriease in 0-16 % NagCOg was filtered after 24 hours 
at 37"", 2 ml. of the filtrate were added to 10 ml. of 0*1 % uric acid, and uric acid 
was determined after 20 hours at 37^. Various volumes (0-6-2-0 ml.) of 2% 
acetic* acid were adde<l to 10 ml. portions of the filtrate in 15 ml. centrifuge tubes, 

2 ml. of the resulting suspensions wen* taken for determination of activity as 
before, the suspmsions were centrifuged, the prc^cipitates suspt^nded in the same 
voluim* of water as that of the suspimsions bc*fore ctmtrifuging, and 2 ml. of the 
su8f)ensions and centrifugates were taken for determination of activity. Tin* N 
contents of th(^ various fractions were determined, and the pjj of the centrifugates. 
Th(* results, given in Table VUI, are corrected for the volume changes involved 
in fidding a<*<*ti(* a(‘id; thus 2 ml. of the original filtrate are equivalent to 2*2 ml. 
of the siisfKUKsion obtain(*d by adding 1 ml. of acetic acid to 10 ml. of filtrate, and 
the N content and numlK'r of mg. of uric acid oxidised were accordingly multi- 
plied by 1*1. 

The clear filtrate becomes turbid after addition of 0-fi ml. of 2% acetic acid, 
but no precipitate ft>rms; for this rr^ason the activity of the centrifugate is equal 
to that of the suspension. At the same time, it appt*ars that the activity of the 
preparation is not diminished (apparently even enhanced) by addition of acetic 
acid to pjj 7*89 and 7*48. At pjj 7*48 a precipitate forms, of low activity. The 
most active precipitate is obtained at pjj 6*96, but the activity of the sus^>ension 
is somewhat lower than that of the original filtrate, and that of the centrifugate 
considerably more so. The activity of all fractions falls rapidly with increasing 
acidity, approaching zero when 1*0 ml. of 2% awtic acid per 10 ml. of ^trate 
is present. It will be seen that in this case the activity of the suspension is con- 
siderably greater than that of the precipitate, whilst the centrifugate is com- 
pletely inactive; this apparent discrepancy may be ascriln^d to the shorter dura- 
tion of action of acetic acid for the susjKmsion as a whole (13 min.), than for the 
precipitate and centrifugate before samples were taken for testing activity 
(about 60 min. necessary for counterpoising and centrifuging the suspensions). 
Activity is practically nil with 1*4 ml. of acid and is totally absent at higher 
acidities. 

The original N content corresponds to 0*668 mg. 2 ml, of filtrate : on pro- 
gressive addition of acid the N distributes itself in the approximate ratio of 
3*5 : 1 in the centrifugates and precipitates. The activity, calculated per mg. of N, 
rises for the precipitates to a maximum for 0*8 ml. of acid {p^ 6*96), thereafter 
falling below the original figure ; the greatest increase in activity is almost exactly 
three-fold. It is of interest that most of the preoipitate-N is obtained at p^ 7*48 ; 
it is probable that this consists largely of inert material together with a small 
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amount of adsorbed uricase. Precipitation is not complete at the at which 
inactivation commences. 

The chief conclusions to be drawn from the above results are that the filtrates 
contain a mixture of active and inactive substances ; about a third of the protein 
constituents is precipitable by acetic acid, and the precipitate consists chiefly 
of originally" inactive substances, in addition to those inactivated by the acid. 
The remaining active constituents are, however, present in a concentration 
roughly three times greater than in the original filtrate proteins. The active 
principle is extraordinarily susceptible to acids, slight inactivation being 
observable at a pjj little ditterent from that of neutrality, and practically total 
inactivation at < 5-8. 


Table VTIl. Activity and N content of the prod^icts obtained by adding 
acetic acid to solutions of uricase. 


^ . o 

CHgCOjH 


added per 


10 ml. of 

Enzymic 

filtrate 

preparation 

ml. 


taken 

0 


Filtrate 

0-6 


Suspension 

IVecipitate 

Centrifugate 

0-7 


Suspension 

Precipitate 

Centrifugate 

0-8 


Suapoiisiou 

Precipitate 

Centrifugate 

0-9 


Suspension 

I’recipitatc 

Centrifugate 

1-0 


Suspension 

Precipitate 

Centrifugate 

14 


Su8pen.sion 

1-5] 



1-6 


Inactive 

2-0 




N content mg. of 
of 2 ml. of 

Pn preparation , 

eeiitri- (corrected) In 


fugate 

mg. 

control 

9-9 

0*668 

9*6 

7-89 

(»*662 

>> 

748 

0*132 

0*598 

f9 

6im 

0*150 

0*532 


614 

0*122 

0*532 

99 

r>H:i 

(M22 

0532 

99 

99 

99 

— 

— 

84 


acid after 20 hours 

IMo. of mg. 

at 37° 


une acid 

A — 

^ 

oxidised 


OxidisiHi 

IKjr mg. 

Ixidised 

i (corrected) 

of N 

9*0 

9*0 

13*08 

8*76 

9*29 

— 

0 

0 

— 

8*52 

9*03 

13*64 

8*76 

9*37 

— 

1*2 

1*28 

9*7 

0*12 

6*55 

10*95 

7*8 

8*42 

— 

.5*52 

5*96 

39*8 

24 

2*59 

4*86 

4*92 

5*36 


312 

34 

27*8 

2*64 

2*87 

5*39 

5*04 

5*54 

— 

1*2 

1*32 

10*82 

0 

0 

— 

0*48 

0.54 

— 


A more direct comparison of the activities of the various preparations was 
effected in the following way, 4 g. of dry uricase (Method II) were suspended in 
200 ml. of 0'16 % NagCOg ; the activity of the suspension was dete*rmine(i immedi- 
ately, and after 24 hours at 37""; it was then filtered, 14 ml. of 2% acetic acid 
were added to 130 ml. of filtrate, 18 ml. of the resulting suspension were placed 
in a centrifuge-tube and together with the remainder centrifuged. The precipi- 
tate from the first tube, representing one-eighth of the original 130 ml. of filtrate 
was dissolved in 16 ml. of 0*16% Na 2 C 03 , and the activity of the solution was 
determined. The remaining residues (representing seven-eighths of the original 
filtrate) were combined, washed 3 times on the centrifuge with 96 % alcohol and 
3 times with dry, alcohol-free ether, and dried in a vacuum oven at 30°, 40 mg. 
of a white powder being obtained. The powder was dissolved in 28 ml. of 0*04 % 
NagCOg , and its activity was determine. 

The results are given in Table IX. The figures relating to the number of mg. 
of preparation pn^sent in the system's were arrived at as follows: (Exp. 1) 0*3 ml. 
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Table IX. Relative activity of varimis prepamtions of uricase. 

All systems contain 10 ml. of uric acid solution. 


mg. uric acid after 20 hours at 37'^ 

mg. of , ^ 

uriro- Oxidised Fraction 


No. 

Nature and 

lytic 



/ 

' 

— - — 


of ori- 

of 

amount of urico- 

prep. 

In 

In 

In 

Per ml. 

Per rag. 

Rel. 

ginal 

Exp. 

lytic prep. 

present 

control 

system 

system 

prep. 

prep. 

activity activity 

1 

0-3 ml. of original 
sus|)en8ion 

<5 

7-21 

3-3 

3*91 

13-3 

065 

1 

1 

2 

1 ml. of final sus- 
pension 

20 

7-15 

1-.32 

— 

5*83 

0-291 

0-45 

0-44 

.3 

] ml. of filtrate 


745 

1-98 


517 

-- 

__ 

0-39 

4 

1 ml. of solution 
of precipitate 

0-30 

715 

5*28 

— 

1-87 

5-34 

8-21 

0-14 

5 

1 ml. of centrifu- 
gate 

— 

7 15 

6*27 

— 

0-88 

— 

— 

— 

C 

2 ml. of solution 
of dry preeipil ate 

2«0 

C5-90 

324 

3-72 

P8r> 

J-30 

2 

0-035 


of suspension was taken containing 6 mg. of powder: {Ex}). 2) 1 ml. containing 
20 mg. of f)Owder : (Exp. 4) sev^en -eighths of the filtrate, representing 13/20 of the 
t/Otal (extract, yielded 40 mg. of dry pr(»cipitat(% whence it follows that the whole 
21K) ml, of solution would have yielcicKl 70*2 mg., and that the 1 ml, of dissolved 
precipitate contained 0*35 mg. of dry preparation; (Exp. 6) the 2 ml. of solution 
f»f th(* dry residm' taken (tontained 40 x 2 28 — 2*8(5 mg. of preparation. The 
relativ(‘ activiti(‘H are <*-alculat(*d by taking the activity (mg. of uric acid 
oxidi8(‘d per mg. of jireparation) of the original suspension as 1, and the fractions 
of original activity liy taking the mg. of uric acid oxidised per ml. of the original 
suspension as th(' basis fif (*omparison with equivalent amounts of the various 
deriv(‘d pn'parations. 

The n'sults are b(»st illustrated by the last two eolumiis, from wliich it 
appears that the final jiroduet is only twice as active as the original, and that 
the total loss in activity involved in obtaining this product amounts to 96*5%; 
5(5% of the activity of the original ])roduot is lost during the ])rooess of 
extraction, and 1 1 % of the activity of the final suspension n^rnains in the residue. 
Only 3»5% of the activity of the filtrate is in th<‘ acetic acid precipitate*, the 
remainder bedng partly dc'stroycHi hy aend and partly remaining in the centri- 
fugates. Finally, the proc(*ss of drying with alcohol and ether, together with 
possible mecihanical losses a.ssoeiated with inet)m])lete eolloction of the preeipi- 
tat<*s, accounts for the* loss of 75% of the activity of the wet precipitate. 

It follows that purification of the enzyme by extractiem with alkaline solu- 
tions, followed by precipitation with accdic acid gives eventually products little 
more active than is the original uricase at the cost of oA cr 9(5^0 of its activity. 

Other precipitant^. The action of COa, ('aClg and (NH4)2S(44 was inve,stigated. 
COg at atmospheric i>ressure did not yield a precipitate and at higher pressures 
inactivated the enz 5 nmes. CaClg added in quantities equivalent to the NagCOg 
present yielded a precipitate of CaOOj which had no uricolytic activity. 
Ammonium sulphate added to half-,saturation afforded a prt^cipitate containing 
64 % of the total activity of the solution. 
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Chemical nature of the products. 

The various products obtained by extraction of uricase and precipitation by 
acetic acid were analysed for N, total P (Py) phosphoprotein-P (Pp) and nucleo- 
protein-P (P^r) (eliminated and not eliminated by incubation for 24 hours at 37® 
with 2% NaOH). 6g. of kidney powder (Method I; containing N 13-32, Py 1*1, 
Pp 0*54, Pjv 0-57 %) were suspended in 300 ml. of 0*16% Na 2 C 03 , and the sus- 
pension was filtered after 48 hours at 37®. 0*6% acetic acid was added to the 
filtrate to attainment of maximum turbidity, the solution was allowed to stand 
for 3 hours, the clear supernatant fluid was siphoned off, the voluminous pre- 
cipitate was centrifuged and washed on the centrifuge 3 times with 96% 
alcohol and 3 times with dry ether, excess of which was removed in a vacuum 
oven at 30®; 0*38 g. of a white powder remained (N 13*46, Pp 1*76, Pp 0*66, 
Pat 1*07%). The residue remaining after filtering the first extract was re- 
extracted, and the extract treated as above, to yield finally a white powder 
(Pp 1*28, Pp 0*34, Pjv 0*94%). The twice-extracted powder was washecl with 
water, dried as above, and analysed (Pp 0*44, Pp 0, Pjy 0*44%). 

These results indicate that the dissolved uricase is richer in phosphorus, both 
labile and non-labile, than was the original product, and that the final, inactive 
residue contains no labile P and less than half of the original nucleoprotein-P. 
Since it might be thought that inactivation of uricase above 9 is due to 
elimination of Pp, determinations of activity and inorganic P wore made for a 

range of 6*77-10*75, but no regularities were established. The question as to 
whether a connection exists between phospho- or nucleo-protein and uricase thus 
remains open. 

Ro [1931] stated that trypsin does not inactivate uricase. This question was 
re-investigated, using Merck’s “pancreatin as follows. 0*5 g. of pancreatin was 
dissolved in 50 ml. of a 2 % extract of uricase, 2 ml. of the solution were immedi- 
ately added to 10 ml. of 0*11 % uric acid solution, and uric acid was determined 
after 18 hours at 37®; 3*7 mg. were found, as compared with 11*0 mg. initially. 
The activity of the extract was again determined after incubation at 37® for 
24 hours (10*5 mg. of uric acid were found). It follows that the activity of uricase 
is reduced practically to zero by tryptic digestion, pointing to the pnjtein 
nature of the active principle. 

Summary, 

1 . A new method for the preparation of dry uricase has been described. 

2. Standard conditions for the determination of the activity of uricolytic 
extracts are specified ; in particular, the importance of keeping the volume of the 
systems constant and of conducting the reactions in vessels of the same shape 
and size is emphasised. 

3. The reaction is shown to proceed in three stages, involving oxidation in the 
entire solution by dissolved oxygen, oxidation in the surface zone by atmospheric 
oxygen and the gradual extension of this zone downwards as a result of diffusion 
of fresh uric acid from, or of oxygen to, the lower levels. 

4. The most active extracts of uricase are obtained by filtering a 2 % sus- 
pension of uricase in Na 2 C 03 solution (of an optimum concentration charac- 
teristic for each individual preparation, but of ^>]a>9*8), after standing for 
48 hours at room temperature. No advantage is gained by increasing the 
relative amount of uricase taken for extraction. 

5. The activity of the extract represents about 60 % of the original activity 
of the powder; the remainder is lost as a result of the chemical action of the 
alkaline solution on uricase. 
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6. The optimum for the action of diwsolved iiricaHe is 8*8. 

7. Progressive addition of acetic acid to solutions of unease leads to the pro- 
duction of an active precipitate, followed by its redispersion. 

8. The most active precipitates are obtained by adding acetic acid to pji 6-99 ; 
about one-third of the total nitrogen of the extracts is then in the precipitate 
and the remainder in the feebly active solution. 

9. The enzyme is partly inactivated at 6*99, and totally at Pfx <5*8. 

10. The most active preparation obtained was 8 times as active as the 
original one; drying with alcohol and ether reduced its activity to twice the 
original. 

11. The N content of the original kidney powder and of the precipitate 
obtained from the extract is 13*5%; the P content of the precipitate is higher 
than that of the original powder. Approximately half of the P content of the 
original powder is eliminated by 2% NaOH, pointing to its phosphoprotein 
character ; the labile P conttuits of various preparations are very roughly pro- 
portional to their activiti(*s. Inactivation of uricase by alkaline solutions is not 
parallel with P elimination. 

12. vSoluble uricase is inactivated, by digestion with pancreatin. 

13. Ammonium sulphate precipitates uricase from its solutions with com- 
paratively slight inactivation. COg at atmosplieric pressure does not precipitate 
uricast* : under higher pressures it inactivates it. Addition of CaClg in amount 
equivalent to the NagCOg content dot's not precipitate uricase. 

14. The view is advanced that uricase is a substancie of protein nature. 

The authors wish to express their gratitude to Dr I). Assenhajni for perform- 
ing the phosphorus determinations, and to Prof. St. J. Przyt^cki for his unfailing 
help and advice. 
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Since Scherer's isolation of inositol [1850J, the attempts to devise satisfactory 
methods for its determination in animal tissues have been many ; but the pro- 
perties of the 8ubstanc(' and the absence until recently of any chemical means of 
its estimation have rendiTcd the problem difficult. The ol)stacles (mcountered 
necessitate the jM'diminary isolation of the inositol, and most workc^rs have been 
obliged to follow this by weighing the isolated product. Young 1 1 934, 1 ] modifie^d 
the Fleury-Marqu(‘ technique for the determination of polyhydroxy-compounds, 
making it suitable fur the estimation of 1-5 mg. of inositol in pun^ solution with 
considerable accuracy ; a de\ elopment which made possible for tlu* first time a 
quantitative study of th(‘ various isolation pro{*ediires and onabh'd a method to 
be produc<^d giving 90^;;^ n'covery of inositol from tissues [ Young, 1934, 2J. 
This probably represents the highest accuracy to be expeet(»d from any method 
on the same gencTal lines ; but in common with all othe^r existing procedures it 
possesses certain featun's that render it unsuitaliU^ for use in any f)Ui the simpk'st 
experirmmts on tissues, osjx'cially where only small amounts of material are 
available. 

At the outset of investigations into /mst mortem and other changes occurring 
in the inositol content of animal tissues, it became evident that little ht^adway 
would be be made* until some trustworthy method exmld be found of d(*.termining 
the inositol conhuits of amounts of tissues of the order of 5-10 g., and em- 
ploying also some method of t*xtraction suitable for use in such ex})eriments as 
the above. The work t o be dt‘scribed rc}>resents an attempt to mec't this need by 
a modification of the isolation process describetl by Young [1934, 2] combined 
with a micro-modifi(;ation of thi^ same author’s method for the determination 
of inositol in pure solution. An amount of tissue (ontaining not less tluui 5 mg. 
of inositol is used (about 3-5 g. of mammalian heart muscle) and the recovery 
by the process is about 90 % . 

Extraction of inositol. This has been accomplished cither by the extraction 
of the minced tissue with aqueous acetone [Momose, 1916; Needham, 1923, 1, 2; 
Young, 1934, 2J or by solution of the tissue in alkali, followed by treatment with 
precipitating agents such as lead acetate | liosenberger, 1908; Winter, 1934] to 
remove contaminating substances. Young [1934, 2] also found that treatment 
with alkali (X)uid be made the first stage of a method of determining inositol in 
tissues. 

The use of acetone is inadvisable for two reasons. When small amounts of 
tissue are to be dealt with, the manipulative difficulties become great, for the 

1 Baylks-Starling Memorial Scholar (and University Student) in Physiology. 
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extract must be freed from acetone and ether-extracted before proceeding ; but 
more seriouig objections to its use are that it is a method of long duration, and that 
its completeness is open to question unless the sample is extracted at least twice 
[Young, 1934, 2]. 

Solution of the tissue in alkali has the imj)ortant advantages that it is rapid, 
complete, and easy to use with small amounts of tissues Winter’s [1934] work 
indicates that the duration of heating in alkali may affect the amount of inositol 
obtainable from mammalian heart muscle. In the present work the tissues were 
treated by heating in 10 % KOH for the minimum time necessary to bring about 
their complete breakdown. 

Removal of the alkali with a zinc salt has the advantage of removing in the 
prf‘cipitate a considerable amount of unwanted substance's. A study was made 
of the behaviour of inositol in the Somogyi [1930] zinc hydroxide precipitation, 
using the iodomercurate nu'thod of determining inositol [Young, 1934, 1]. At 
least 98 % of the inositol was found to be present in the filtrate, and this pro- 
cedure was therefore adopted as the method of treatment at this stage. 

The filtrate* after the above process is further clarified with the aid of the 
West-Peterson reagent [1932], which, as Young [1934, 2] has showm, is very 
effective for this purjHisc* and permits a 98% recovery of inositol. The filtrate 
is colourless and odourh'ss and after removal of the mercury is finally subjected 
to Young's (1934, 2] baryta-alcohol precipitation. Recovery of the inositol at 
this stag<* is 9(1 % : and after removal of the barium as sulphate the solution is 
evaporate<l to small volumes and the inositol crystallivsed from acetone-ether 
mixture [Young, 1934, 2]. 

Expkrimental. 

Extraction. Int^o a large pyrex l>oiling-tube is measured 19^0 potassium 
hydroxide from a burette, about 1 ml. |K‘r g. of tissue to be used. The tube is 
heated in a lK)iling water-bath a!id the w^eightd amount of tissue dropped in. 
The contents of the tube are stirnxl occ^asionally with a glass rod, and aft-t*r 
heating for the minimum length of time to effect solution (30 min.) the hot 
solution is washed into a 50 ml. volumetric flask. 

Zinx hydroxidi' predyiMion. A solution of zinc chloride in dilute hydro- 
chloric acud is U8e<l for neutralisation and has the following composition: 

Zinc cliloride (anhydrous) ... 1^0 g ] litre of 

Hydrochloric acid (c?orH*entrated) 4-5 g. f solution 

1 ml. of 10% potassium hydroxide is neutralised by 1*5 ml. of this solution. 
It should be cheeked Ix^fon* use by titration against the alkali, using phenol- 
phthalein as indicator. It has bemi found preferable to use zinc chloride instead 
of zinc sulphate in this process : the chloride which jmsses through to the final 
product does not affect the dt'termination of the inositol and by its bulk 
facilitates the collection of the final crystalline material. 

The requind amount of the above solution is added to the hot solution in the 
flask with gojitle agitation, and a solid mass results. The flask is then heated in 
the water-bath for a few moments with gentle shaking, when the precipitate 
bcjcomes lighter and granular in character and the contents of the flask become 
fluid again. When this has occurred, the flask is cooled under the tap and the 
contents are made up to volume. After standing a few moments, the contents 
are filtered on a coarse paper. 

The Weet-Peterson precipiiaiton. An aliquot of the above filtrate — 30 ml. 
can usually bo obtained — transferred by pipette to a dry 250 ml. conical flask. 

Bioobem. 1935 xxix 17B 
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From a pipette are then addend slowly with shaking 5 ml. of the acid-mercuric 
sulphate reagent [ West and Peterson, 1932], made by dissolving 27 g. of mer- 
curic sulphate in 100 ml. of 10 % (by weight) sulphuric acid at 5"^ and separating 
the solution from any precix)itate which forms as room temjierature is reached. 
The mixture? is neutralised by the addition of solid barium carbonate (that sold 
as “pure precip. by soda’’) until a drop of the solution does not redden blue 
litmus paper, when the flask is stoppered, shaken for a short time, and filtered 
on a dry Buchner funnel into a dry flask. The whole of the filtrate is poured into 
a dry 100 ml. Pliillip’s beaker and HgS passed in the cold without acidification. 
After filtering on a dry jiaper into a dry flask, an aliquot of the filtrate is trans- 
ferred by pipette to a 50 ml. beaker and evajK)rated on the water-bath to less 
than 5 ml. 

The. baryta-ahohol precipitation. The solution is transferred to a 30 ml. 
centrifuge-tube and re-heated in the water- bath. To the hot solution (volume 
5 ml.) are now added 2 0 g. of crushed crystalline barium hydroxide, the solution 
heated for 5 min. with occasional stirring and the tube then removed from 
the water-bath. Immediately, 20 ml. of absolute ethyl alcohol are added slowly 
with vigorous stirring, th(‘ rod removed and the tube allowc^d to stand, preferably 
in the ice- chest, for 2-3 hours. 

After the tube has stood for this length of time, it is centrifuged at 30(^) r.p.m. 
for 3 min. and tlu‘ alcohol poured off. The precipitate is stirred uj) in 10 ml. of 
hot water, the sides of the tube lx?ing well washed down at th(? same time, and 
then from a graduated pipette is added with stirring the required amount of 
N H2SO4 to acidify the solution, a droj) of methyl red being added as indicator 
when the solution is n(*arly neutralised. Finally a very small amount of noriU? 
charcoal is stirred into the solution, this then diluted to 25 ml. with hot water, 
the rod removed and the tube heated in the water- bath for 45 min. The pur|K)se 
of the charcoal is to ri'move th(* indicator added. Inositol is not ailsorbe^l by 
charcoal in acid solution, or by barium sulphate under the same conditions, so 
that no loss occurs. Oare must be taken to heat the tube very gently at first, 
until the remains of th(* alcohol have been removed, or frothing will occur. When 
the heating is finished, the tube is centrifuged at 3000 r.p.m. for 5 min. and the 
solution collected in a 100 ml. beaker. The precipitate is then stirred up in 20 ml. 
of hot water, re-heated for 30 min., centrifuged and the washing addt?d to the 
main solution. 

The acetone-ethe.r precipitation. The solution is concentrated on the water- 
bath to 5-10 ml., transferr(?d to a 100 ml. flask and re-evaporatt'd to 6 ml. or 
less. After cooling, 60 ml, of acetone and 30 mi. of ether are added slowly, the 
sides of the flask scratched with a glass tckI to induce crystallisation and the 
flask stoppered and placed in the cold room for 24-36 hours. 

The precipitate which forms is removed by filtration on a sintered glass 
micro-filter (Schott and Gem., Jena — 12G3) or on asbestos on a small Gooch 
crucible and well washed with acetone and finally with ether. It is then dissolved 
in hot watc^r, traces of ether being removed from the solution by heating on the 
water-bath, and then made up to 25 ml. in a volumetric flask. Portions of 5 ml. 
of this solution are taken for analysis by the micro-modification of the iodo- 
mercurate method described below. 

Quantitative kesults. 

Eecmery of inositol froth pure solution. In tests of the accuracy of the method, 
5 mg. of inositol were subjected to the whole x)rocess, being added to 5 ml. of 
10% potassium hydroxide in the boiling-tube, heated, and the 'isolation” 
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proceeded with as above. The following are typical recovery figures obtained in 
the case of four experiments done at the same time : 


Inositol found Recovery 

Tube mg. % 

1 4-81 96-2 

2 5-22 1044 

4*57 91*4 

4 5*25 105*0 


Recovery of inositol from heart muscle. This was tested in the following way, 
20 g. of heart muscle were dissolved in 20 ml. of 10% potassium hydroxide, the 
solution filtered through a plug of glass wool into a 100 ml. volumetric flask and 
made up to volume. Of this solution 25 ml. (equivalent to 5 g. of tissue) were 
transferred by pijwtte to a 50 ml. volumetric flask and 5 mg. of inositol added. 
The procicdure ther(‘after was as detailed above. The control was prepared in the 
same way from the saint* solution, except that no inositol was added. 

Wt. Wt. of 



tissue 

inositol 

Inositol found 

Recovery 


taken 

added 

^ v_ 

^ 

of added 


(A and B) 

to B 

.4 

B 

inositol 

Kxp. no. 


mg. 

mg. 

mir. 

o/ 

o 

1. (Dojf’s heart) 

.*1 

5 

7*95 

12*45 

90 

2. heart) 

5 

5 

()*80 

11*15 

87 

2. (Sheep’s heart) 

5 

5 

4*85 

9*61 

95 

4. 

5 

5 

2*37 

8*42 

101 

5. ., 


5 

3*(52 

7*91 

85 


The averagt^ rceoverv of added inositol in the above five exyioriments was 

The estirnafion of O'2-TO mg. of inositol in pure solution. 

When amounts of heart muscle of the order of 5 g. are subjected to the 
isolation process just described, the final solution obtained for estimation will 
contain about (b2-l*(l mg, of inositol in 5 ml. In order to estimate amounts of 
inositol of this ord(*r with the requisik* accuracy, it is necessary to modify slightly 
Young's original proceduR*, which was intended for use with 1-5 mg. of inositol. 
The modifications consist of heating the solutions in the water- bath in (50 ml. 
pyrex boiling- tubes, and of using ()-02Y iodine and 0 01 -V sodium thiosulphate 
solutions for the final titrations instead of the solutions used by Young [1934, 1]. 
A heating period of 30 min. has l>een employed, as Young’s curves [1934, 1] 
show the reaction to be practically complete in this time. 

Solutions required. 

Potassium iodo-mercurate .solution, made by adding a solution of 288 g. of 
yKitassium iodide in waU^r to 108 g, of mercuric chloride in water wuth shaking, 
and diluting the solution to 1 litre. The greenish-yellow solution obtained should 
be filtered if not perfectly clear. 

30% sodium hydroxide solution, stored in a S(4ieilhach burette. 

Barium sulphate suspension. 20 g. of the material marketed as ‘pure for 
X-ray examinations” suspended in 80 ml. of water. This must be well shaken 
just before use. 

Sulphuric acid. 200 ml. of the pure concentrated acid diluted to 1 litre. 

0*02 iodine solution. 

0*01 JY sodium thiosulphate solution. 

Starch solution. 

Standard inositol solution, prepared from anhydrous inositol, obtained by 
drying crushed crystalline hydrated inositol at 100-110'’ to constant weight. 

178—2 
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Procedure. Into a dry pyrex boiling-tube are pipetted 6 inl. of the solution 
to be estimated, containing not more than 1*0 mg. of inositol. To this are added 
3 ml. of the iodo-mercurate solution from a 10 ml. micro-burette, 4 ml. of the 
30 % sodium hydroxide and 2 ml. of the 20 % barium sulphate suspension from 
a wide-tipp(?d pipette. After mixing the contemts of the tube by gentle rotation, 
its mouth is covered with a glass ball and the tube plac<»d in a boiling water- 
bath for 30 min., at the end of which time it is removed with as little disturbance 
of the contents as possible to a bath of cold running water for 5 min. From a 
burette 8 ml. of the 20% sulphuric acid are then run slowly into the solution, 
and the contents mixed by gentle rotation. At the end of a further 5 min., 5 ml. 
of the 0*02 Y iodine solution are added from a standard pii>ette and the contents 
of the tube well mixed by rotation and by stirring with a glass rod left in the 
tube. At the end of a further 10 min., with occasional stirring of the solution, 
this is transferred to a 100 ml. beakt^r and the excess iodine titratcKi with 0‘01iV 
thiosulphate from a 10 ml. micro-burette (O-Oo ml. graduations), using starch 
solution as the indicator. 

The following equivalent titrations were obtained : 


iTig. of iiioeitol 

(>•2 

04 

00 

0*8 

J-0 


Eq uivalen t tit rations 
ml. of 0-0 1 A 
sodiuir thiosulphate 

1-70 

326 

4-70 

6- 27 

7- 77 


SOMMABY. 

A modification of Young's method for the dett^raination of inositol in animal 
tissues is described, suitable for use with amounts of tissue containing 5 mg. or 
more of inositol. Used in conjunction with a micro-modification of the same 
author’s method for the detennination of inositol in pure solution which is also 
described, the method gives 90 recovery of inositol from tissues. 

The author has ])leasure in thanking Ur L. Young for his criticism and advi(‘e 
throughout the work. 
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AND THE REDUCING AGENT OF RAT’S GUT. 

By GLENN ALLAN MILLIKAN. 

{Received October 3(Jthy 1935.) 

1. Experemental results. 

The circiimstanee that certain animals, of which th(^ rat is a typical example, 
syntliesise ascorbic acid in the course of their metabolism raises questions of some 
s<uentifie interest concerning the nature of its precursors and the seat or seats 
of its formation in the ))ody. Exfierience with synthetic diets indicates that its 
pr('(?ursor8 are dcTived from the main foodstuffs rather than from any minor 
constitufTit of tile diet, and its constitution suggests of course that these would 
arisi' more directly from c*arbohydrat<' and perhaps also, less directly, from 
protein. As a preliminary to any attc^mpt to determine the nature of possible 
intermediate ])r(Hlucts it sc'cmed worth whilt* to seek further information con- 
cerning its primary origin in the diet. FoUowng Ray 1 1934], who studied its 
origin in plant se<*dlings, Gufia and Ghosh (1934] carried out experiments in vitro 
which led them to indie v(* that, as in the seedling, mannose is a preferential 
precursor for its synthesis in various tissues of the rat (se(^ S(‘ction 11). Neither 
mamiose nor |x>asible precursors of that sugar were present in the dieds of winch 
the effects wertn studied in the present research. 

The papm* describes experiments meant to determine the effect of varying 
the main constituents of the diet ujxin the concentrations of the vitamin in the 
liver and small intestine respectively. That it is normally present in the latter is 
now" well knowm [Hopkins, 1934; Horde and Wolff, 1934; Zilva, 1935; H «/.]. 
The estimations were made by the now familiar method of titration with 2:(>- 
dichlorophenolindophenol in acid solution. Details of the method as employed, 
together with some lomments upon certain apparent limitatioms in its application 
to animal tissues, will lie found in the succeeding section. The animals chiefly 
used were male albino rats of weights not less than 150 g. 

The results of the experiments show that certain fundamental modifications 
in the food supply, such for instance as the total omission of carbohydrate, or 
feeding on carbohydrate alone, are almost immediately followed by readjust- 
ments in the concentration, and especially in the relative concentrations, of the 
vitamin in the two organs studied. So rapid are these adjustments that signifi- 
cant changes are observed after the animals have received certain experimental 
diets for a few days only. By confining their administration for the most part 
to such brief peric^ less direct and therefore less significant results, due to the 
possible effects of abnormal one-sided diets in depressing the processes of general 
metabolism, have been avoided. 
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That the concentration of a vitamin in any organ would prove to display 
some degree of individual differences was to be ex|>ected. Even in circumstances 
apparently uniform variations may well be correlated with other differences in 
the metabolic condition of animals which are not obvious on inspection. The 
figures obtained in the following experiments display a scatter which is in some 
cases fairly wide; but, in general, with respect to the absolute concentrations 
in the two organs rather than to the relation between these concentrations. It is 
the latter which is of chief significance to conclusions based upon the results. 

It was desirable, in any case, that the numerical data obtained should be 
submitted to statistical analysis. This has been most kindly carried out by 
Mr John Wishart of the Cambridge School of Agriculture. The following are the 
essentials of his report given nearly in his own words. 

The most accurate comj)arisons can he made from the data which concern 
the ascorbic acid present in the liver and gut of the same animal, for in this 
comparison other possible sources of disturbance such as age, weight, genetic 
constitution etc, of the rats are standardised. The analysis deals first therefore 
with consideration of the significance which is attached to the average differences 
found between the liver and gut concentrations. 

The method used for testing the significanee of the results was that of 
“Student” and is expounded by Fisher [1025; 1035 j. The assemblies of the 
organs examined may be treat(‘d as “populations” and the problem is to decide 
for or against an initial assumption (the “null hyjK^thesis” of Fisher) that with 
respect to the attribute iinder study the two populations are identical. 

If each gut-liver difference is denoted by x, and there are p siuih differtmees, 
the ratio {t) of the mean difference^ U) its estimated standard error is calculated 
from the formula 

where {x)/p, and H denotes in both cases summation over p values. By 
consulting Fisher’s taVde of t. with n (number of degrees of freedom) equal to 
p — 1, we are enabled to approximate to the probability (P) that a difference 
equal to or greater than x should occur in a random sample from a ]:>o})ulation in 
which the true difference is zero. Conventionally we may rejec^t this “null 
hypothesis ” conceraing the population when P is h^ss than 0*01 . This is expressed 
by saying that the difference is significant. 

The data assembled in the tables which follow, in so far as th(\>" are assumed 
to prove a significant difference betwetm the livcT and inU^stinc, are found on 
analysis fully to justify that assumption. In ev(‘ry such case the probability P (as 
above defined) is less than 0*0001 . Other refertmees to the results of the analysis 
appear later. 

Effects dup to a brief withdrawal of food. 

Before placing the rats upon the ('xptTimental diets it was at first thought 
desirable to withdraw food for a short period in order to eliminate the influencre 
of previous feeding. When however the effects of this abstinence itself were 
tested, an unexpected result came to light. When animals were kept without 
food for 48 hours and compared with others on a normal diet, a sharp rise in the 
concentration of the vitamin in the intestine was found to result from the fast, 
whilst the hepatic concentration was by then scarcely affected. It was impossible 
on this account to obtain on such lines basal values for the normal relation 
between the concentrations in these organs. The values found for rats taken from 
stock and receiving a mixed diet of oats, wheat grains and bread and milk were 
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therefore employed a« “normals” from which to measure the amounts of change 
induced by the experirntmtal diets. In such stock animals variation is consider- 
able, but the average values obtained proved to be fully adequate for the purpose 
of comparison. 

In Table I will be found a comparison of the values obtained from animals 
on the stock diet and those from others which had been de])rived of food for 
2 days (though never longer). The latter of course were supplied with water. 


Table I. 


stock diet 

Ascorbic acid 


Woijfht 

mg./g. 


of rat 

^ ' — 

— 


Liver 

Gut 

200 

0-28 

0-25 

270 

0-2() 

0*25 

lOO 

0*20 

0*25 

— 

0-20 

0*22 


0-29 

0*29 

175 

0-20 

0*23 


0*23 

0-23 

— 

0*22 

0*26 

195 

0*29 

0*34 

100 

0*30 

0-32 

135 

0*23 

0*30 

-- 

0*26 

024 

185 

0 38 

0*30 


0*30 

0*20 

100 

0*27 

0*25 

103 

0*25 

0*22 


0*20 

0*27 

205 

0-27 

0*20 

Average 

0*20 

0*20 

Median 

0*20 

0*25 


48 hours wiilioiit food 
Ascorbic acid 


Weight 

mg./g. 


of rat 

^ ' 

^ 

g* 

Liver 

Gut 

— 

0‘3J 

0*46 


0*20 

0*45 

180 

0-20 

0*25 


0*23 

0-41 

— 

0*30 

0*37 

175 

0-.30 

037 

108 

0*23 

0*30 

150 

0*31 

0*41 

205 

0-25 

0*38 

150 

0*31 

041 

155 

0*22 

0*33 

— 

0*27 

0*42 

201 

0*25 

0*43 

lOO 

0*29 

0*43 

— 

0*17 

0*24 


0*31 

043 

102 

0*20 

0*31 


0*27 

0*38 

191 

0*30 

0*42 

Average 

(*•27 

0*40 

Median 

0-27 

0*41 


It will be seen that in animals on a complete diet the average coiKvntration 
in liver and giit is the same, 0-28 mg./g. Analysis of tlu^ figures as a whole 
confirms the fact that tluTe is no difference of significance Ix^tween them, 
E(pialitvs or appro.ximate equality, in these two organs seems indeed to be 
t^haracteristic of normal nutrition. This tends to Ix' the case in spite of individual 
variations in the absolute concentrations. After tlu' brief abstiiionee on the 
other hand in which the average for the liver is scarcely affected, that for tlic gut 
rises to 0*40 mg./g. 

Inspection of Table I will show tliat in the ease of animals on the normal 
diet a significant departure from equality in th<‘ organs is seen in two only out 
of eighteen. On the other hand after al>stineiK*e the intestinal concentration is 
significantly higher than that in the gut in all save two out of nineteen. This 
noteworthy effect of fasting will n^ctuve further refertuice. Its o<‘eurrence illus- 
trates the rapidity with which the eoncimtration of ascorbic acid iu an organ 
may be affected by a change in nutritional conditions. 

Bffect^s of incomplete dieU, 

The diets administered consisted respectively of carbohydrate^ alone (starch 
and oane sugar); fat alone (filtered butter and lard); protein (“light white 
casein”) plus fat; protein pins carl^ohydrate; fat plvs carbohj^drate. A normal 
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salt mixture was added to each, but because of the short duration of the experi- 
ment no vitamin preparations were supplied. During the periods of adminis- 
tration the carbohydrate diet, and those containing protein and fat and protein 
and carbohydrate respcictively, were well eaten, a normal daily calorie value 
being consumed. The consumption of the carbohydrate and fat mixture was 
somewhat less but adequate. The fat was always well eaten at first, though an 
occasional rat ate sparingly after the third or fourth day. The consumption of 
a pure protein diet was unsatisfactory, and estimations on this were discon- 
tinued. 

Although abstinence from food involves the intestinal effect just discussed, 
experiments in which the dii‘ts were given for 3 days after the 2 days" fast 
proved nevertheless to be informative and were continued. In the tables the 
results of these appear side by side with data from other experiments in which 
the diets were fed for 5 days without a previous fast. A few results obtained 
when the administration was longer will be discussed. 

It will be seen from what follows that were the changes found in the hepatic 
concentration considered alone there would be some grounds for the assumption 
that the vitamin is made in the liver from precursors derived from carbohydrate. 
When however the behaviour of the intestine is also considered it becomes cle^r 
that this assumption does not b}^ itself cover all the facts. 

In Table II will be found the concentrations found in the organs of rats fed 
iipon a mixture of three parts starch and one part cane sugar. The results of 
3 days’ administration afb'r the 48 hours’ fast were identical with those following 
on 5 to 7 days of the diet without previous fasting. Whilst the concentration in 
the gut remained normal that in the hver was on the average some 30 % higher. 
This is not a large variation but the results are consistent, and analysis shows 
that they are significant. Individual rats showed little departure from the 
average, especially among the group fed without a fast, and all but two animals 
out of the nineteen f(»d show the increase in the liver and a eont^entration there 
greater than that in the gut. 

Table IT. CarbohydmU diet. 


Hy to 7 iiays on diet 

3 days on diet after '2 days' fast previous fast 


t 



r ■ 





Asftorbif acid 


As(*orbio acid 

Weight 



Weight 


mg./g. 


of rat 



of rat 









K- 

Liver 

(Jut 

p:- 

Liver 


Gut 

240 

0-43 

0'29 

170 

0.34 


0-22 

200 

0-38 

0*28 

180 

0-34 


0-26 

— 

0-39 

0-27 

m 

0-31 


0-23 

150 

0-35 

0-24 

140 

0-30 


0-28 

165 

0-35 

0-26 

190 

0-27 


0-23 

155 

0-36 

0-24 

240 

0*32 


0*22 

190 

0'34 

0-22 

160 

(>•33 


0'22 

— 

0-31 

0-23 

190 

0-31 


0-28 

— 

0-23 

0-20 

216 

0-31 


0-25 




215 

0-31 


<)*23 

Average 

0-3.5 

0-2.5 

Average 

0-32 


Tu 

Median 

0-36 

0-24 

Median 

032 


0-23 


Quite different were the results when carbohydrate-free diets were given. 
In Table III are fibres from rats fed on a mixture of two parts protein and one 
part fat. When this diet was eaten after the 2 days’ fast, f^e average hepatic 
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Table IIJ. Protein and fat diet. 


3 dayB on diet after 2 dayn’ faHt 


Ascorbic acid 


Weight 

mg-.'R- 


of rat 

^ -S 

\ 


Liver 

Gut 

— 

01 6 

0-40 

180 

0-21 

0-35 

— 

014 

044 

170 

o-2:i 

048 

160 

017 

0*32 

160 

016 

0-32 

— 

0-20 

0-27 

180 

019 

0 41 

— 

0-17 

0-35 

160 

0-23 

0-34 

im) 

0-21 

046 

190 

0-21 

0-31 

170 

0-21 

0*31 

lOf) 

0*20 

0*38 

195 

0*23 


Average 

019 

0*3'7 

Mofliaii 

ih20 

0*.35 


5 days on diet wit bout previous fast 



"N 

Ascerbie aedd 

Weight 

nig. 


of rat 

^ ,/ 

^ 

!?• 

Liver 

Out 

180 

0*26 

0*40 

215 

0-25 

0*37 

170 

0*24 

0 38 

215 

0*25 

0*41 

185 

0*25 

0*34 

175 

0*26 

0*44 

190 

o:io 

0-39 

180 

0*25 

0*38 


0*24 

0*37 


(t26 

041 

Average' 

0*25 

0*39 


coiu*ent ration on the third day, instead of rising as on the carboliydrate diet, was 
0-19 nig,/g. only, a figure significantly below the normal. At the same time th(* 
intestinal concentration rose sharply. Still confining attention to the liver it 
should be noU'd that in rats fed upon the diet for 5 days the conc(»ntration in 
th(» organ had become normal. That this rise after a preliminary fall is a genuine 
f)henon)enon is suggt^sted by the consist-ency of the data and by the fact that like 
the earliiT fall it is also seen in the case of the other carbohydrate-free di(‘t 
employed, that containing fat alone (r. infra). It seems legitimate to correlate 
this rise with that adjustment of the liver to a carbohydrate-free diet which is 
indicattxi by th(^ early disappearance of the ketosis first induced by such diets. 
Wigglesworth (1924] showed that in rats on a diet of fat this iuljustment occurred 
about the fifth day. Gemmill and Holmes [1935], moreover, have shown that the 
glycogen content of the liver of rats fed on butter falls practically to zero on the 
first day, but graflually rises till on the fourth and fifth days it reaches a level of 
about 1 %. Tt is justifiable to expect that if ascorbic acid is made from oarbo- 
hydratt^ in the liver, tin** velocity of its formation will increase with increase in 
the glycogen present up to some norma! limit. This limit may l>e of the low 
order of the 1 % found by Gemmill and Holmes at th(', fourth or fifth day of a 
diet of fat. A few estimations of glycogen were made on the livers of rats em- 
ployed in the exjKjriments just described. Those of two rats which had received 
the protein plus fat diet for 3 days after the 2 days' fast contained 0*31 and 0*43 % 
glycogen respectively (ascorbic acid 0'2()mg./g.); whilst the livers of two others 
after 5 days on the same diet without the fast contained 1*84 and 1*98% 
(ascorbic acid 0*26). Within higher ranges of hepatic glycogen, such as were 
found on diets containing carbohydrate, tliere was no correlation between it 
and the vitamin concentrations (see next section). On a e^rbohydrate-free diet, 
however, this normal hepatic concentration of the vitamin was not long main- 
tained. Table IIIa gives data for rats kept for 3 2 days on the protein and fat diet 
which was oonsum^ in almost normal amounts during that period. By tlien 
the average hepatic concentration is seen to have fallen again to the low figure 
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Table IIIa. 

Protein and fat diet, 12 days. 

Ascorbic acid, mg./g. 

Weight of rat 

r 

Gut 

g- 

Liver 

150 

018 

0*28 

— 

0-20 

0*32 

210 

0*20 

0*28 

— 

0*14 

0*25 

— 

0*13 

0*23 

230 

0*20 

0-35 

2(K) 

0*19 

0.30 

Average 0*18 

0*29 


of 0’18 mg./g. At the end of this period the intestinal concentration was also 
lower, but it remained somewhat abov(* normal and much above that in the 
liver. 

Tables IV. Fat diet. 


3 days on diet after 2 day 

a’ fast 

5 to 7 

days without fast 

i 


> 

( 




Ascorbic acid 


Ascorbic acid 

Wciglit 

mg./g. 


VV^eight 



of rat 



of rat 




— 



g* 

Liver 

Gut 

g* 

Liver 

Gut 

150 

0*20 

0*36 

240 

(»*28 

0*40 

— 

0*21 

0*36 

145 

0*28 

0*35 

— 

0*20 

0*32 

190 

0-31 

0-41 

210 

013 

0*21 

220 

0*30 

0*28 

195 

0*17 

0*28 

180 

0*23 

0*37 

— 

017 

0*27 

190 

0*26 

0*31 

165 

0*18 

0*27 

190 

0-27 

0*37 


0*16 

0*34 

2(X) 

(^24 

0-40 

Average 

017 

0*30 

Average 0*27 

0-36 


In Table IV are the data for rats on a diet of fat alone. Protein and fat 
together form, as might be expc^cted, a more satisfactory diet for testing the 
effect of lack of carbohydrate than one of fat only; but the n^sults of feeding the 
latter, though fewer animals were employed, confirmed in essentials the most 
notable effects of the former. The food was less regularly consumed that when the 
fat was associated either with protein or carlx^hydrate. It was always eaten 
freely during 3 days after a fast, but on tlu^ fifth day without the preliminary 
fast an occasional rat was found to have its stomach and intestine empty. Such 
easels were rejected. It will be seen from Table IV that the group of eight animals 
fed on fat after the brief fast display<‘d that low concentration in the liver w'hich 
characterised the protein plus fat diet, namely an average of 0-17 mg./g. only. 
Again, as on the protein and fat diet, the group of eight fed for 5 days without the 
fast displayed the secondary rise discussed above. 

The results so far considered, showing that a diet of carbohydrate alone 
indiKjc's a relativ^ely high concentration of the vitamin in the liver, whilst the 
immediate effect of diets lacking carbohydrate is a significant fall, suggest at 
least what is a priori likely, namely, that carbohydrates are the source of its 
pr(‘cursors, and further that the liver, alone or in common with other organs, is a 
seat of its formation. 

The behaviour however of the intestinal concentration when those diets are 
consumed requires full consideration. During the periods when the carbo- 
hydrate diet was consumed it remained essentially at the level proper to a mixed 
dietary and was therefore below the hepatic concentration. In marked contrast 
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the diet of protein and fat induced a rise in the gut comparable with that which 
followed the 2 days’ abstention. The animals which had consumed this diet for 
3 days after the fast showed an intestinal concentration of 0*37 mg./g. This 
might perhaps have been attributed to a survival from the influence of the fast, 
but for the fact that ahimals which had taken the diet for 5 days without a 
previous fast displayed a similarly high concentration in the gut — 0*39 mg./g- 
(Table TIF). All the observations have shown, moreover, that the adjustments of 
vitamin concentrations to the diet are almost immediate. The carbohydrate diet 
for instance by the third day of its administration after a fast had complet<‘ly 
removed the effect of the latter on the gut (Table IT). 

It is now necessary to considf^r the results which follow when carbohydrati* 
is fed together with (uther proUun or fat. In Table V are the data for a diet of 
prottun together with a starch -ean(‘ sugar mixture. Most of the animals rect^ived 
one part of the former to two of the latter, but it may be remarked that in thest^ 
binary mixtures even oxtnunc* variations in the ratio of the constituents made 
no difference in the results. This is not surprising. The total amounts of the 
vitamin produced in the body are small, and if either constituent of the food 
functions as an efficient precursor very little of it need be present in the mixture. 



Tabic V. 

Protein and^ mrbohydrate diet. 


3 day.s after fast 


5 day 

h without fast 



A.seorbie 

— 

avid 


Ascorbic* acid 

W<*ight 
of mt 



Weight 
of rat 

mg./g. 




Liver 

■ 

K- 

Liver , 

Gut 

g* 

Gut 

ISf) 

0-19 

0*18 

120 

0*29 

0*31 

170 

(Mr> 

0*25 

15.5 

0*20 

0*23 

150 

0-22 

0*28 

120 

0*20 

0*26 

150 

0-21 

0*34 

145 

0*27 

0*35 

2.30 

0-29 

0*35 

150 

0*25 

0*3(» 

ItW) 

0-27 

0*34 

155 

0*23 

0*28 

im 

t)-29 

0*28 

240 

0*22 

0*20 

170 

0*26 

0*34 

3(H> 

0*20 

0*27 

J70 

019 

0-30 

230 

0*21 

0*24 

150 

0-23 

020 

280 

(h25 

030 

Avoraj^e 

U23 

0*29 

Average 


0*27 

Median 

0*22-0*23 

0*29 

MeHliaii 

0*24 

0*27-0*28 


ft will be s(»en from Tabic V that the diet of protein atid carbohydrate 
induced that approximation to equality in the hepatic and intestinal concen- 
trations which is chara<*teristic of the influence of a complete dietary. This is 
not so marked in the rats fed for 3 day.s after thc^ fast, and the data from this 
grouf) of animals displayed a sonu'what wide scatteT. Nevertlieless the average 
concentrations come much neart'r together than with any of the experimental 
diets previously discussed. In the ten animals fed for 5 days without previous 
fasting the average, derived from consistent individual results, was for the liver 
0*24 mg./g. and for the intestine 0*27 mg./g. It will be remem bc‘red that the 
average value on a eomploto diet was 0*2(> mg./g. for both. 

This same approximation to equality in the concentrations, yielding in each 
organ an average value of the same order as that found in a normal mixed 
dietary, was also displayed by rats on a diet of fat and carbohydrate (Table VI). 
As with protein and fat there was irregularity in the figures when the mixture 
was taken for 3 days only after a fast, whilst for some reason in the case of the 
fat and carbohydrate the average figures (from four rats only) though equal were 
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low. 6 days’ feeding, however, undisturbed by the preliminary fast, induced the 
approximate equality in question at a level close to the normal. Out of sixteen 
rats placed for this period on carbohydrate in association with either protein or 
fat only three showed any important departure from this behaviour. Although 
the approach to equality in the conctmtrations when the two diets last mentioned 
were consumed is clear, analysis shows that the rather higher figures for the gut 
are still significant. It would seem that the intestine adjusts to this binary diet 
somewhat more readily than the liver. 


Table VI. Fat and carbohydrate diet. 


3 days on diet after 2 days' fast 


Weight 
of rat 

Aacorbir acid 
mg./g. 


Liv'er 

Out 

170 

0*21 

01.3 

220 

0 18 

0*10 

190 

018 

01 6 

190 

01 9 

0-20 

Average 

0-19 

U 17 


,5 days without fast 


( 

Weight 
of rat 

Aseorbir acid 

K* 

Liver 

(Jut 

170 

0-23 

0*26 

1,50 

019 

0*20 

2(>0 

0-23 

0*23 

210 

(S26 

0*,36 

220 

01 9 

0*25 

J75 

0)9 

0*22 

100 

0-21 

0*27 

225 

0-27 

o:jo 

200 

0-20 

0*29 

2(K) 

0-25 

0*28 

170 

()-21 

0*21 

... 

030 

0*31 

Average 0-23 

6*20 

Median 

0*23 

0*2«-0*27 


Certain of the exy)eri mental results may be here assembled. The following 
are the average values after 5 days' consumption of the diets, without the 
preliminary fast. It must not be forgotten that in the case of the (»arlK>liydrate- 
free diets the normal figures givtm for the liver were preccHled by tlu» earlier fall 
in the concentration. 

With carbohydrate. 



Liver 

Intestine 


mg./g. 

mg./g. 

Carbohydrat e alene 

0 32 

0-24 

Protein and carbohydrate 

0-24 

0*27 

Fat and carl)ohydrat e 

0*23 

0*26 

Kornial mixed diet 

0*26 

0*26 

Without carbohydrate. 


Protein and fat 

0*25 

030 

Fat alone 

0*28 

0*86 


It should be emphasised that in these exyK^riments only in animals on the 
diet of carbohydrate alone was the hepatic concentration ever alM>ve normal, or 
alx)ve that of the intestine; and only when carbohydrate was entirely absent 
did the (mon^ marked) rise in the intestine occur. It would ap{)ear that carbo- 
hydrate inducjes approximate equality of concentration in the two organs by 
inhibiting the rise in the gut which occurs in its absence, while the presence of 
protein and, apparently, also of fat, inhibits the (less mark^) rise in the liver, 
which the uncontrolled influence of a carbohydrate diet induces. 
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If the assumption be made that the vitamin is produced in both organs it 
would appear that when at any time carbohydrate is not available in the diet for 
production in tht^ liver, synthesis in the gut, pn=^8umably from other precursors, 
proceeds with increased velocity. Such a happtming would be rare in the life of 
the animal, but the capacity of the gut to react in this way would seem to |K)ssess 
physiological interest. It would seem that there must be a mechanism capable of 
securing some mutual adjustm<mt in th<* activities of the two organs. Th(‘ 
possibilities arc* further discusstKl in a later section. 

A few animals were kept for longer pt'Tiods (10 to 12 days) upon each of 
the diets. It may be said that in general as in the case of the (experiment of 
Table 111a, the difference in the relative* concentrations in liver and gut earli(‘r 
induced by a diet was .still found in each case, but the absolute concentration 
was in both organs lower. 

Determinations on the* organs of the guinea-}>ig were made, but they were 
few and call for brief referc*nce only. In guinea-pigs normally f(*d the coru^en- 
tration of ascorbic acid was found t^) be much lower than in rats, alike in liver 
and gut, but, as in the lattt*r, approximately equal in both. Four animals 
yielding closely concordant results gave for the liver an average of 0*13 mg.'g., 
and for the intc^stine 0*15. It is noteworthy that a 48 hours’ fast produced no 
rise in the latter: rather an appre(*ia>>le fall. Four animals after fasting showed 
for the liver an average of 0*13 mg./g., and for the gut one of 0*11. It has been 
shown by othc*rs that the com^entration falls in the liver and adrenals during the 
development of scurvy in the guinc‘a-pig. The intestines of four animals showing 
marked, but not extreme, symptoms between the fifteenth and twentieth days 
of a .scorbutic* diet display(*d very low values: 0*02, 0*04. 0*02 and 0*03 mg./g. 
In these the liv(‘r valuers wt*re 0*07, 0*07, 0*08 and 0*11 respc^ctiv^ely, 

11. Experimental details. 

The excellent mi(‘ro-mt‘thod of titration with Tillman's n*agent descTihed 
by Birch ef aJ. [1933] was ekjsely followed. The acid tissue extracts, of known 
volume, were run from a standard mK*ro- burette into a mc^asured quantity of 
the dye ; usually 0*05 ml. The solutions of the dye used (approximately 0*01 J/) 
wen^ standardised at frt*quent intervals by titration against jmre ascorbic* acid. 
B(*ZHsonoff et al. ( 1934] have suggesUHl that the reduction of the dye is a process 
with a large dilution fac^tor. This is certainly not tnie within the range of' con- 
c<*ntrationH employed in the ex|>eriment8 here described. Within such a range a 
solution of ascorbic acid of given strength may be diiuti'd twice or even thrice 
and then again titrated without any af)preciable effec^ts upon the calculated 
result. Nevertheless the final volume of each extract emy)loy(id in the exjK*ri- 
meiits was so adjusted to the weight of tissue taken that the titration figures all 
fell within a relatively small range; in most cases Ix^tween 0*3 and 0*7 ml. of 
extract for 0*05 ml. of the reagent. 

Several authors have rejxirted general agreement between the results of the 
titration method and those of biological tests, and it has now liecome CKimmon 
to accept the former without (juestion. This however might seem unjustifiable in 
the case of material such as the tissues of gut which have not been tested 
biologically. 

It proved impossible to administt^ intestinal tissues or aqueous extracts 
made from them to guinea-pigs for adequate periods. Attempts to do so have 
given indications of protection, but the animals have nearly always died pre- 
maturely and adequate biological proof that the gut contained ascorbic acid in 
concentration corresponding with the titration results was not obtained. 
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On the other hand it seems that evidence on the following lines is in itself 
sufficient to show that when applied to intestinal extracts the figures obtained 
by titration represent ascorbic acid and that substance alone. 

In acid solutions the reduction of Tillmann’s reagent by ascorbic acid pro- 
ceeds with a velocity whic;l) is out of all proportion greater than reduction by 
any other substance (cysteine, glutathione, phenols etc.) known to react with the 
dye. It is easy on the other hand to show by relatively simple means that if the 
amount of the vitamin in a given intestinal extract be assumed to correspond 
with the titration figure, and if a solution of pure ascorbic acid be prepared of 
equivalent strength and similar , the extract and the solution will reduce a 
given amount of dye with a velocity which to all appearances is the same. To 
give precision to such evidence Dr G. A. Millikan kindly imdertook to determine 
quantitatively the rate of reduction by previously titrated extracts, comparing 
it with that of reduction by pure ascorbic acid and cysteine solutions of equi- 
valent strength. He lias provided an acicount of his experiments which should bt? 
of interest to other workers (see Apixmdix, p. 2817). 

Having regard to very great differences in the velocity of reduction by 
ascorbic acid and cysteine respectively, and to the circumstancjc that, roughly 
observed, the reduction of the dye by e.g. phenolic^ substances, while slow, differs 
in velocity from one case to another, th(‘ identity of the velocity (onstants for 
pure ascorbic acid and the reductant from the intestiru' seems strong evidenc^c* in 
favour of the titration method. 

While this applies to the gut and, it would seem, almost certainly to most 
other organs, it is well to note that there may be exceptions. The kidney, for 
instance, to judge at least from ex|XTience gained in the course of this research, 
is an organ which offers difficulties. In titrating acid extracts of the gut and livtT 
(when the organs have been removed from the body without undue delay) there 
is, as in the case of solutions of pure ascorbic acid, no difficulty in deciding ui)on 
the end-point, and different observers readily agree when deti?rmining it. More- 
over, it is significant that in the case of extracts from these organs the actual 
rate of titration may be widely varied without affecting thc' final result. It is 
otherwise with extracts from the kidney. If in the case of this organ an extract 
is first titrated quickly and then more slowly, it is found that the ix^sults arc by 
no means the same. If indeed (the extract Inking in the buretk') a pause is made 
between each successive addition so that the titration occupies a minute or 
longer, decoloration of the dye may occur when no more than, say, half of the 
extract requirc^d in the quick titration has been added. 81owly reducing sub- 
stances in exceptional amounts are usually if not always present in kidney 
extracts. It is known to histologists and others that the kidney is exceptional 
in the rapidity with which it undergoes change after removal from the body, 
Catheptic activity for example is exceptionally great in this organ. Whether 
autolytic products account for the difficulty in titration is uncertain, though 
likely. It occurs, however, when there has Ixjen no more than ordinary delay in 
the treatment of the organ after its removal. It is sure that, even in the case of 
the liver or intestine, long standing even at room temjx^rature before extraction 
makes titration more difficult in the alx>ve sense. Needless to say this occurs 
more rapidly on incubation of the organs. Gulia and Ghosh [1934] have described 
experiments to show that various organs can produce ascorbic acid from mannose 
but not from glucose when incubatixl with these in vitro. The titration values 
rise considerably however when tissues are incubate<l alone* It would seem 
therefore that, in order to make the evidence on these lines for a real increase of 
the vitamin of any value control samples must in any case be incubated side by 
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side with the experimental samples while the final titrations must be fast and 
very uniform in rate. It is probable that the above authors are aware of this 
difficulty and have allowed for it. The circumstance that they report ne^gative 
results with some sugars seems proof of this. 

In the greater number of the experiments male albino rats were used, t>f 
weight varying from about 150 to 200 g. Quite young animals (50 g. or under) 
tend to show higher absolute values for the vitamin concentrations than those 
more mature, so that in testing the effect of a given dietary they are not strictly 
comparable with the latter. It was thought that females might show greater 
variation than males in the normal amount of vitamin m, pc^rhaps witliout 
sufficient n^ason, th<\v were infrequently used. 

The animals were killed instantaneously by stunning, and the throat was 
immediately severed to allow free drainage of blood. Thc‘ organs were removed 
as quickly as possible and grcjiind up under trichloroacetic acid in the presence 
of a little sand. The final volume was in each case made proportionate to the 
weight of tissue taken and the extracts as titrated contaiiU‘d approximately 
2*5% trichloroacetic acid. 

It is perhaps desirable to describe here the preliminary treatment of the gut 
before extraction. It was uniform in all experiments. The small intestine was cut 
at its pyloric and caecal ends and removed intac^t ; tlu‘ mesentery being peeled 
off during the gradual removal of the gut from the abdomen. Its contents were 
washed out by a stream of water at 37"^, and the residual water removed by 
‘ milking’^ the gut with moistcuud fingers. It was then gently squeezed between 
filter- pa] )er8. To mak(^ sure that such tn^atment did not leave a variable amount 
of adherent moisture a pcirtion of the intestine was in a large number of cases 
reserv(*d for the determinat ion of water content. The variations were small ; the 
deqiarturos from the average of 78*2% total solid matter being such as would 
affect the figures obtained for ascorbic acid by at most a unit in the second 
decimal place. In the ease of the liver the whole organ or a suitable pro}>ortion 
of it was weiglud and ground up at once under trichloroacetic acid. The meta- 
bolic condition of the liver — its variable content of water, glycogen or fat — must 
of courst‘ indirectly affect to some degn-^e the obwserved concentration of the 
ascorbic acid. It Bt^ems clear, how^ever, that variations in these were not of 
sufficient magnitude or, alUTnatively, not of the right kind, to diminish the 
significance of the variations displayed by the vitamin concentration. 

In a proportion of cases a sufficient amount of the liver was reserved for 
estimations of the glycogen by the method of Good, Kramer and Somogyi, and 
in some others the total nitrogen was estimated by Kjeldahl. In the case of the 
grouf)s txmiparcd when ont' was fed carbohydraW only and the other protein and 
fat (Tables IT and III) the livers of two rats from the former group contained 5*04 
and 3*07 % glycogen res])ectively, whilst those of two from the latter group con- 
tained only 0*31 and 0*43 % . This difference would of course somewhat disturb a 
comparison of the true cytoplasmic concentrations of ascorbic; a(*id, but it is clear 
that any attempt to corrtict for this would somewhat increase and not diminish 
that difference between the groups in question which has been claimed as signifi- 
cant. The differences in glycogen content of livers from sample animals from 
groups otherwise fed and compared were much less than this. The total nitrogen of 
the livers of animals fed on emrbohydrate alone showed an average, based on twelve 
cases^ of 2*84% from which individual departures were remarkably small. The 
average in the livers of those fed protein and fat was 3*30, again with small 
departures from this mea.n. If the total nitrogen be taken as a measure of the 
cytoplasmic contents of the livers, this again shows that the difference between 
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the true concentrations of ascorbic acid in the two groups in question (the 
significant point) is somewliat greater than the figures indicate. The nitrogen 
figures found for animals on diets of protein or fat together with carbohydrate 
have differed but littk^ from those of animals on complete synthetic dietaries. 

TTI. Discussion. 

The experimental results reported and briefly discussed in the first section 
show that when rats are placed for short periods on certain dietaries (incomplete 
in the sense that one or more of the three main organic foodstuffs was lacking) 
the concentration of ascorbic acid in the two organs specially studied, namely 
the liver and the small intostinfs may vary with the nature of such diets. The 
absolute concentrations may rise or fall with a change in the nature of the diet, 
and the relation bctwe(‘n tlie cjoncentration in one organ and that in the other 
may come to show wide differences. Aiiy such iidjuHtment to a change in the 
diet is always rapid. 

The essential experimental results can be summarised in the following 
statements. The numerical data upon which the statements deptmd have) Iwen 
shown by statistical analysis to possess the significance here claimed for them 
(see p. 2804). 

1. During the consumption of a normal mixed diet the average concentration 
of ascorbic acid was found to be the same in both organs, namely 0*26 mg./g. 

2. A fast of only 48 hours was found to produce a rise in the intestinal 
concentration whicih reached an average value of 0*40 mg./g. The concentration 
in the liver was by then scar(;ely affected (Table I). 

3. On a diet containing (carbohydrate alone, whether administered for 
3 days after a fast of 2 day.s, or for 5 days without the previous fast, the hepatic 
concjentration rose to an averagt* of 0-33 mg./g„ whilst that in the gut nunained 
normal (Table II). The increase* in the liver, though not large, is outside the 
limits of experimental eiror and is statistically significant. 

4. When on the other liand a diet containing protein and fat without carbo- 
hydrate was consumed for 3 days after a fast, the concentration in the liver fell 
to the low average value of 0*19 nig./g., wliile the intestinal concentration rose 
to 0*37, this high value Inurig also displayed after 5 days of the diet without the 
fast (Table III). On a diet of fat alone the results were essentiallv the same 
(Table IV). 

The immediate fall in the liver induced by carl>ohydrat<*-fre)e diets was, it is 
true, followed by a return to normal on the fifth day of feeding. It is almost sure, 
however, that this is correlated with the known circumstance that the livers of 
rats adjust to a carbohydrate-frec^ diet on about the fifth day of its consumption. 
The hepatic glycogen which in rats fi^d upon fat alone at first falls to near zero, 
rises by then to concentrations round 1 % [GemmilJ and Holmes, 1935], and 
this is associated with the disappearance on or about the same day of the ketosis 
first produced by a fat diet [Wigglcsworth, 1924]. If therefore the precursors of 
ascorbic acid in the liver arise from carbohydrate it is clear that this becomes 
more available for the purpose at about the fifth day of a diet of fat or of protein 
and fat. 

5. Whilst the hepatic concentration was raised by feeding carbohydrate 
exclusively, and the intestinal concentration was raised when diets without 
carbohydrate were consumed, it was next found that a diet of protein and 
carbohydrate produces approximate equality of concentration in the two organs 
at a figure corresponding to that found in rats on a normal mixed diet (Table V). 
A diet of fat and carbohydrate produced the same situation (Table VI). 
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If the behaviour of the vitamin in the liver were considered alone, showing 
the rise above the normal concentration, and above that in the gut, after a diet 
containing only carbohydrate, and on the other hand a rapid fall on the? two 
carbohydrate-free diets, there would be sufficient evidence to support the natural 
expectation that carbohydrates supply precursors for ascorbic acid, and, further, 
the suggestion that the liver, alone or in common with othcT organs, is the seat of 
the formation. The behaviour in the intestinci however clearly raises otlu^r issuers. 

The intestinal concentration seems to be more flexible*, than the hepatic, and 
the notable rise in the former displayed by all the animals whim placed on 
carbohydrate -free diets, is the most striking effect which the experiments under 
discussion have revealed. It seems fully justifiable to believe that the intestinal 
rise from 0-26 to 0*40 mg./g. found to follow a brief fast is itself due to a specific 
effect of failure in the carbohydrate supply, since it was entirely prev'^ented by 
the consumption of a starch -sugar mixture alone, whereas a rise of a magnitude 
similar to that induced by the fast occurred rapidly on the diets which were 
carbohydrate-free. Data from nearly ninety rats deprived of carbohydrate were 
therefore recortled during the experiments, and the high intt^stinal concentration 
was displayecl by every animal save four or fivc^. The gut of no single rat out of 
nineteem on a carbohydrate* diet displayed this behaviour, and among the same 
number of animals upon a normal diet yielding the average of U-26 the gut of 
only one was found to depart so far from the average as to approximate* to the 
high concentratiem in epu^stion. 

The exyK'rimental result whiedi has finally to be taken into consideration is 
the* maintemanee* by di(*t8 of protein and carl)ohydrates or fat and carbohydrate, 
of appn)ximate*ly e*(pial concentrations in the two organs at a value which is that 
maintaiiKKl by a normal mixed dietary. 

In eonside*ring the results as a whole it seems justifiable to dismiss the 
suggestion that the organs studieHl represent seats of storage for the vitamin 
rather than seats of formation. It is very unlikely that changes in diet would 
promptly affect the relation between the concentration in the liver and that in 
the intestine if each organ was receiving its supply from another source. 

If, as se(*m8 certain, ascorbic acid is produced in both of the organs studied, 
the results of the experiments almost eom^xd the assumption that the intestine 
can call upon a source yielding primary precursors for synthesis w^hich is less 
readily available for the liver. They suggest moreover that there must lx* some 
m<*.chanism through which a mutual adjustment in the productive activities of 
these organs is established. With the diminution of production in the liver owing 
to a failure in the carbohydrate supply, the rate of synthesis in the intestine is — 
as it were vicariously— increased. 

It may be useful at this point to recall the following results. On a diet of 
carbohydrate alone the average^ concentration in the gtit was (>-24 mg./g., on 
carbohydrate with protein 0*27, and on carbohydrate with fat 0*26; that is to 
say, on all diets containing carbohydrate when consumed for 5 days the con- 
cemtration was essentially the same, being that found on a normal mixed dietary 
and, incidentally, essentially also the same as that in the liver when protein or 
fat waj9 fed with carbohydrate. It seems reasonable to suppose therefore that so 
long as carbohydrate is supplied in the food it is the preferential source of the 
vitamin precuiiors for both ot^ans alike. On the other hand with a protein and 
fat diet the average intestinal concentration was 0*39 mg./g., with fat alone 0*36 
and, after a fast, 040. Thus in all oases where no carbohydrate was supplied, the 
gut concentration was essentially the same at an average figure some 50 % liighcr 
than that so consistently found when carbohydrate was available in the fo^. 

Bioohetn. 1935 xXix 1*79 
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It would seem clear therefore that in the rat the cells of the intestinal 
epithelium — ^unlike the hepatic cells, or much more readily than they — can, 
when deprived of carbohydrate, turn to protein or fat as a primary source of 
precursors for the synthesis of ascorbic acid. Owing to the constitution of the 
vitamin it is even then likely that carbohydrate formation is an intermediate 
stage, and that therefore the primary source is most probably protein. It is 
true that the intestinal rise oc(iurs on a diet of fat alone, no less than on one of 
protein and fat, and in the case of that temporary adjustment in the liver to a 
carbohydratc-fro(^ diet earlier discussed, it is likely, to judge from the experi- 
ments of Gemmill and Holmes, that an adequate amount of carbohydrate had 
in the case of that organ been derived from fat. Evidence that carbohydrate 
can be formed in the body from fat seems to be growing, but it does not suggest 
its formation in the intestine. It must in any case be a process of low velocity 
compared with that of the formation of glucose from certain amino-acids [c/. 
Csonka, 1915; Janney, 1915]. It is, on the other hand, not difficult to believe 
that failure in a carbohydrate supply involves some increase Of protein bn^ak- 
down in the intc^stinal epithelium, and that precursors of ascorbic acid may thus 
undergo a local endogenous increase. This seems at least a reasonable hypothesis 
on which to explain the well established behaviour of the gut concentration 
whenever there is failure in a carbohydrate supply. It is well to remember that 
the search for tht‘ precursors of a vitamin produced in tlu^ body differs from most 
studies of intermediary metabolism in that th(^ amounts of materials lujcessarily 
involveid are so small. 

Complete absence of carbohydrate from its frxxi would be a rare event in the 
life of the animal, but tht* capacity of the gut to increase its production in cir- 
cumstances which lead to a decrease in the liver, and j)Ossibly in other organs, is 
a case of physiological adjustment not without interest. Whether other organs 
which may function in the production of ascorbic acid nisembJi^ the liver or the 
intestine in their reaction to dietetic factors was not ach^quately investigated in 
this research. 

In the case of the guinea-pig, which is of course unable to produce ascorbi{» 
acid endogenously, a few experiments showed that any incn'ased intestinal 
concentration due for instance to a brief fast was entirf‘ly ab8(*nt. In s(Jorbutic 
animals the concentration in the intestine was found U) 1 k‘ very low (average 
0-03 mg./g.). 

Summary. 

In rats consuming a normal mixed dietary the average cone^mtration of 
ascorbic acid in the liver and in the small intestine is the same. 

When carbohydrate forms the sole organic c^onstituent of the food consumed, 
the hepatic concentration immediately rises, becoming higher than that in the 
intestine. 

On the other hand, when carbohydrates are absent from the food the con- 
centration in the liver rapidly falls, wliile that in the intestine rises to a high 
value. 

Possible explanations of these readjustments in the concentrations are 
discussed. 
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APPENDIX. 

The identity of ascorbic acid and the reducing agent of RAT^S GUT. 
By GLENN ALLAN MILLIKAN. 

Thci present experiments, undertaken at the suggestion of Sir F. G. Hopkins, 
were designed to provider a rather critical test for the identity of the reducing 
agent found in trichloroacetic acid extracts of rat's gut and ascorbic acid. They 
consisted in measuring comparatively the rate of reduction of Tillman’s reagent 
(2:r)-dichIorophenolindophenol) by these two substances, as W(dl as by cysteine. 
GcK)d agretunent wan found between the gut extract and ascorbic acid. Taken in 
conjuiujtion with the wid(?iy divergent cystciine value, the result provides strong 
evidence for th(» suspected identity. 

Since the reactions were* too fast to follow by ordinary procc^dures, the 
continuous flow method introduced by Hartridge and Roughton [19231, 
develo|K^ for non-haemoglobin reactions by Millikan, was used. The solutions 
were pre])ared by Hopkins, using the extraction method described by him in 
th(* accompanying paper. A solution of Tillrnairs reagent was made up to a 
concentration suitable for the kinetic measurements (usually 0*2 mg. per ml.), 
and th(* extract was standardised against it by titration, its concentration being 
adjusted until it was 20-40 % greater than that of thedye, the solution containing 
2*5 % trichloroacetic acid. An exactly equivalent solution of ascorbic acid, also 
in trichloroac<‘tic a<d(l, was then prepared, its concentration being checked 

by titration against the same dye. The solutions were placed at once in the 
storage reservoirs of the apparatus, wiiich was arranged so that one could quickly 
change from the gut t\xtract to the ascorbic acid as the reducing agent (Fig. 1). 


Gui 

Dm* actii I 



In measuring the velocity of reduction, the two reacting fluids were drawn 
into their respective syringes from the storage vessels, and were then driven by 
m electric motor at a known constant rate through the two converging tubes to 
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the mixing chamber, whence they issued as a single thoronghly-mixed stream 
down the observation tube. The extent of the reaction as measured by the 
decoloration was observed at different points along the tube, the colorimeter 
being a simple photo-electric one using colour filters and a rectifier t3^pe of cell 
[Millikan, 1933]. A 4 volt, 8 watt lamp was used as light source, the two filters 
being Wratten No. 29, red, and No. 56, grecm. The device is suitable for measuring 
reaction times from about 1/1000 see. to 1/2 see., and the concentrations of the 
reactants were so chosen that the rates fell into this range. 

The results of a typit^al experiment are shown in Fig. 2. It is seen that over 
the very critical early portion of the curve — ^in fact up to 60 % completion of the 
reaction — ^the two solutions reduce with identical velocities. At the end of the 



Time (sec.) 


Jig. 2. Hate of re<lurtion of Tillman’s reagent. 

reaction, the gut extract was sometimes a little slower in its action. It is not 
thought, however, that this final spread between the two curves is significant, 
because it is always small, and because it only shows itself near the end, when the 
reaction is proceeding slowly, and where one might expect it to be more sus- 
ceptible to inhibiting effects of foreign substances in the gut extract. No attempt 
made to purify the extract other than by filtering through paper, and slight 
effects (due perhaps to the slow adsorption of the dye on colloidal molecules in 
the extract solution) are almost to be expected. The striking fact, on the contrary, 
IS that the two agree as well as they do, when it is conside^red that large changes 
in the rate are brought about by small alterations in the concentrations of the 

reactants and in the of the solutions, as found from the control tests described 
below. 

In contrast to these small differences, the rate of reduction of Tillman’s reagent 
about 350 tipies as slow as that by ascorbic acid when measured 
under the same wnditions. Thus, in the first one-tenth of a second, ascorbic acid 
has more than half completed reduction of the dye, while cysteine has only reduced 
about one-thousandth of it. A few orienting experiments of Hopkins indicate 
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that glutathione and materials precipitated from tissue extracts by mercuric 
acetate act even more slowly than does cysteine so that of these possible claim- 
ants ascorbic acid is the only one which is even in the running. 

('<mtroh, 1. Decay with (me. Since the reducing power of solutions of ascorbic acid is known 
to fall off in the course of time, it was thought desirable to sandwich the gut extract readings 
Iwjtwoen two sets of observations on the ascorbic acid (hollow circles and dots respectively in 
Fig. 2). Thest* showed that there was no de(*ay in the rate during this time. 

2. Effect of pjf . The rate of the reaction is very sensitive to alterations in the of the solution, 
becoming progressively slower as the alkalinity is increoscHl, until at neutrality the rate is about 
1 /40 of that in the triehloroaeetic solutions (which have a ;>u of about 2). This explains the necessity 
for using the same solvent for the ascorbic acid and for the gut extract in the kinetic exjKTiments. 


The bimoh'cular order of the reaction. 

A tenfold variation in the concentration of the ascjorbic acid, and a twofold 
variation in that of the dye left the bimoleoular velocity constant unaffected: 


Cone, of ascorbic 
millirnols/litre 

( 1(173 
01 36 
0-71 


Bimolecular 

Cone, of dye velocity (Constant, K 

millimols ditre 1 /millimols see. 


0'057 

0112 

0125 


30:t5 
30 ±5 
34 > 5 


Temp. 20 '. (An experiment at aliout 22"" gave a value for K of 39 ±2, 
indicating a high temjKTatun^ coefficient for the reaction, but the data are 
inHufficient for its calculation.) 

If the reaction wen^ of eithcT higher or lower order than the second, the value 
of K would havt^ varic^d widely. The agreement obtained is therefore strong 
evidc^iK^e that the reaction actually procecKls according to the expn^ssion: 

1 molecule ascorbic acid -f 1 molecule dye reaction products. 
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A STUDY of the titration curves of the amino-aeids [Harris, 1923, 1] shows that 
their amino-groups are quantitatively converted into tlieir hydrochlorides (or 
similar acid salt) when tlie yqj is reduced to a value approaching 0*5 to 0 (for 
titration constants of certain individual amino-acids, cf. Harris [1923, 2, 3; 
1929, 1] ; Birch and Harris [1930]). In other words, provided that one starts with 
the free amino-acid and titrates it to a sufficiently acid end-point the amount 
of acid entering into combination with it is then stoichiometrically equal to its 
amino- or other basic groups. 

R(NH2)^+xHCI -^R(NH3C1)^. 

(It does not affect the argument whether the original ampholytes was of the 
zwitterion or non-zwitterion typ(‘— i.c. whether any of its acid or basic groups 
were present in the non-ionised or fully ionised, internal salt, form. For, at the 
conclusion of the titration all the basic groups are present as hydrochloride, and 
at the beginning there was no combiiKKl HCl.)^ 

It becomes apparent at once therefore that a simple method for estimating 
the amino-groups is to measure the amount of acid needed to titrate them to a 
highly acid end-point (p^y 0 to 0-5). There is only one disadvantage to this 
procedure from a practical standpoint, that is that the '‘blank (joirection” is 
very large. That is to say, in addition to the HCl which is needed to bring the 
amino-acid itself to the desired , a considerable further amount will Im? needed 
to bring the solvent (water) to the same highly acid reaction. This is shown in 


^ The equation for an acid ampholyte (c.gr. glutamic or aspartic acid) is 


R^OO- +H01^ 
\COOH 


^COOH 


ci~ 


for a neutral ampholyte {e.g. glycine etc.). 


R< 

^coo- 


+ HC1^ 


and for a basic ampholyte {e.g. lyfline etc.), 

/NH* 

r4nIL+ +2HC1-.- 

\coo- 


Cl- 

K 

^COOH 


RfNH^+Cl- 

\C00H 


( 2820 ) 



^H5LACIAL ACETIC ACID" METHOD 


2821 


Pig. 1 , from which it will be seen also that the magnitude of the blank correction 
is increased (and the accuracy of the titration is accjordmgly diminished) in 
proportion to the final dilution of the solution. 



Fijjr. I, Titration curvt* of glycino ifvith HCI: and at dilutions of .V, 01 A' and O'Ol A’. At. any 

;>n loved the diffen'nce between the ideal curve and the curvch ,4, B or V reprc'senU the blank 
correction at the given dilution. (In the example reprenented, the total volume is imagined 
as kept (‘onstant at the dilution shown, for every reading on the curve.) 

In short, when the titration is thus oarritHi out in aqueous solution there is 
no 8t<^ep change in p,j at the end of the titration. Hence it is impossible to obtain 
a sufficiently shai*}) colour change in an indicator to mark a sudden end-point 
to the titration. As was |>ointed out in the original paper in this series [Harris, 
1923, 1 ] the difficulty may be obviated in two ways. Either the amino-acid may 
l>e titrated in very concentrated solution, in which case the blank is relatively 
small (if the measurements of pjj are made elect rometrically, the blank correction 
may be worke<l out theoretically with some degree of ac(‘uracy). A more simple 
procedure, however, is to use in place of the water some alternative solvent 
which netMis only a negligible blank" to bring it to the required pjj end-jwint 
of 0*5 to 0. Then the titration is reduced to the easiest of all chemical methods — 
viz. the simple addition of titrant from a burette until, with the last drop, the 
indicator abruptly changes its colour. 

A number of suitable solvents was tried and eventually glacial acetic acid 
was chosen as the most satisfactory. It has bc^n known for man^^ years as a 
convenient solvent for most bases and has already been utilised by Hall and 
Conant [1927; see also Oonant and Hall, 1927 ; Hall and Werner, 1928] for 
electrometric measurements on bases in ‘*super*acid" solutions. A suitable 
indicator was found in briUiant caresyl blue (obtainable from The British Drug 
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Houses, Ltd.), which is soluble in glacial acetic acid and undergoes a clear 
colour change from blue to yellow at a value near 0 (yellow with increasing 
acidity: the p^ value of the indicator in water is given as 1 to —0*2). 

Routine tests were accordingly carried out with all the better known amino- 
acids, and it was found that results of about 99 % accuracy could be obtained 
without difficulty. This work was concluded in 1929, and a summary of the 
conclusions was given in that year, when the method was applied to glutathione 
to determine the number of basic groups and the combining weight [Harris, 
1929, 2]. Pressure of other work has since delayed the presentation of the 
extended figures on the comy)lete series of amino-acids. It is felt however that 
the method is such a convenient one and capable of such wide application that 
at the suggestion of other w^orkers the full working directions are now being 
published. 

Experimental. 

Preparation of specimen. The principal use of the method in the writer's 
experience has been to estimate the basic groups in isolated preparations in the 
solid form, more particularly as an aid in the characterisation of unknown sub- 
stances. It is suitable for applying directly to a specimen of the free (isoelectric) 
amino-acid, ampholyte, base etc,, rather than to a sodium salt or hydrochloride 
etc. If such added acid or alkali is present it should be neutralised with an 
equivalent amount of alkali or acid before the titration is l>€*gun. It is always 
preferable and simpler, however, to carry out the estimation on the free substance 
itself whenever this is available. It is essential that the specimen to be titrat<Hl 
should be dry. If estimations are required on a solution, therefore, an aliquot 
part of it should be taken and the solvent evaporate>d. 

Standard acid solution. As a titrant possessing more strongly marked acid 
properties than HCl, and readily miscible with glacial acetic acid, y)erchloric 
acid has been used throughout. A stock solution is prepared for the writcT by 
The British Drug Houses at l OiV dilution,^ and this is then further diluted with 
glacial acetic acid to the strength desired for each titration, generally 0*1 JV. 

Standard glycine for back-titration. It is convenient to have a solution of 
standard base for purposes of back-titration. I have found that at the very acid 
reactions used, a solution of glycine in glacial acetic acid serves the purpose very 
well. To prepare a 0-lA^ solution, dissolve 0*7505 g. of glycine in glacial acetic 
acid, bringing the final volume to 100 ml. : the glycine may take a few hours to 
go entirely into solution. 

Indicator solution. A suitable final dilution for the indicator, i.e. at the end 
of the titration, is from about 0*(K)15 to 0*003 % . Stock solutions of 0*01 or 
0*1 % should be made up in glacial acetic acid. 

Directions for rapid routine, procedure — semi-micro-scale. In carrying out a 
titration, an amount of the dry specimen is weighed out {e.g, about 15 mg. in the 
case of glycine) which would yield about 2 ml. of 0-liV^ solution. This is placed 
in a small stoppered weighing bottle (e.g. 10 ml. size), and a slight excess of the 
standard 0*1 iV perchloric acid solution added from a burette reading to 0*01 
or 0*02 ml. (The advantage of adding excess of acid in this way is that the 
specimen then goes more readily into complete solution.) The stopper is replaced 

^ To prepare N perchloric acid in 100% acetic acid, the following procedure, described by 
Hall and Werner [19281, niay be followed: Add 8.V aqueous perchloric acid to the theoretical 
quantity of chilled acetic anhydride and dilute with glacial acetic acid U> N. It is important to 
have no excess of acetic anhydride or water, which can be prevented by adding a few drops of 
HgO or A(^0, as necessary, until no further temperature rise is shown on a thermometer* 
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to keep the solution free from moisture, and as soon as the specimen is all 
dissolved a suitable amount of the indicator solution is added (e.gr. 1 ml. of 
0-01% solution of brilhant cresyl blue in dry glacial acetic acid).^ The end- 
point is then determined by back-titration with 0-1 N glycine, a second burette 
also reading to 0*01 ml. being used. The difference between the acid titre and the 
back titre with glycine gives the amount of amino-nitrogen, or other basic 
group, present. For greater accuracy the result should be corrected for a small 
blank correction. The blank correction is the amount of standard perchloric acid 
solution needed to bring the solvent and indicator alone, in thf‘ absence of the 
solute, to the same end-point colour change, the volume of solvent being the 
same as at the end of the actual titration. (Under the* conditions described 
the blank correction is no more than about 1 % of the titre ; or less if a mort^ 
precise technique is adopted; see below.) 

RemUfi obtained by the routine, semi-tnicro-method. In Table I are assembled 
the results obtained on most of the l)etter known amino-acids, and a number of 
polypeptides, bases and other substances. 

It will be seen that without special precautions having been taken results of 
al)out 99 % accuracy were readily obtaintHl. 


Table 1. Routine determinations of basic groups in amino-acids etc. 


(1) 

(2) 

(2) 

(4) 

(r>) 


(6) 

(7) 




ml. of 








indicator 


ml. of 01 A acid 




Weight of 

solution 


needed in titration 




specimen 

(0-01%) 

Titration data 

, 

^ 

Error 

No. 

Xsttje of 

taken (g.) 

added 

0- />-<•* 

Found 

Theoretical 

O' 

o 




Amino-acids. 





1 

Glycine 

OOJ73 

i-o' 

2-4(M)-(KM)-02 

2*29 

2-31 

-0*9 

2 


00167 

1-0 

2-:iO-0-04~0*02 

2-24 

2-23 

+ 0*4 



00167 

1-0 

2'4(M)- 18-0-02 

220 

223 

-1-3 

4 


00177 

1-0 

2-.50-0-10-0-02 

2-381 



5 



1*0 

2*60-0-20-0-02 

2-38) 








2-38 

2-36 

+ 0-9 

6 

d-Alanine 

00201 

1-0 

2-50-0-23-002 

2-25 

2-26 

-0-4 

7 


0 0351 

1-0 

4-00-0- 10-002 

3*88 

3-94 

-1-5 

8 

dl-Valine 

00248 

I-O 

2-30-0-20~001 

2-09 

2-12 

-1-4 

9 


0-0327 

1-0 

2-9(M)12-0-02 

2-76 

2-79 

-1*1 

10 

l-Leuciiie 

0-0227 

l-O 

l-90-0-15-0-l»2 

1-73 

1-73 

0 

11 


0-0320 

1*0 

2-52-0-08-0-02 

2-42 

2-44 

-0*8 

12 

Phenylalanine 

0-0362 

1-0 

2-30-0-09-002 

2-19 

2-19 

0 

13 


0-0330 

1-0 

2-20-019-()02 

1-99 

2-00 

-0-5 

14 

Tryptophan 

0-0194 

1-0 

1*0(M)03-001 

0-96 

0-95 


15 


(>•0443 

1-0 

2-5(M)-30-0*02 

2-18 

2-17 

+ 0-5 

16 

Cystine 

0-0205 

0-5 

2-01-0-34-001 

1-66 

1-71 

-2-9 

17 


00267 

1-0 

2-40-0-20-001 

2-10 

222 

-1-4 

18 

l-Tyrosine 

0-0301 

l-O 

2-00-0-31-002 

1*67 

1-66 

+0-6 

19 


0-0446 

1-0 

2-60-002-002 

2-46 

2-46 

0 

20 

Aspartie acid 

0-0329 

H) 

2-50-0-01-001 

2-48 

2*47 

+ 0-4 

21 


0-<H27 

1-0 

3-SO-004-0-02 

3-24 

3-21 

+ 0-9 

22 

Olutamic acid 

0-0394 

1-0 

2-80-012-002 

2-66 

2-68 

-0-7 

23 

Arginine, 2ILO 

0-0207 

1-0 

2-5(M)-46-0-02 

2-02 

1-97 

4-2-5 

24 

Arginine, H^Of 

0-0241 

1-0 

2-63-0*04-0-02 

2-47 

2-60 

-1-2 


^ This WM the amount taken in nearly aU the 51 determinations recorded in Table I. There 
is some advantage in reducing the volume, to 0*1 ml. of a 0*1 % solution, as the small blank 
ooifteotion then becomes even leas Table V)* 
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Table I (cmt). 


(1) 

(2) 

(2) 

(4) 

ml. of 

(0) 


( 6 ) 

( 7 ) 




indicator 


ml of 0*1 N acid 




Weight of 

solution 


needed in titration 




{0*01%) 

added 

Titration data 



JError 



speoiinon 



No. 

Name of specimen 

taken (g.) 

a-h’-c* 

Found 

Theoretical 

a 

/o 




Bases etc. 





25 

Sarcosine 

0-0250 

1*0 

2*83-0*00-0*02 

2*81 

2*81 

0 

26 


0*0234 

1*0 

2*65 4)00-0*02 

2*63) 



27 




2*66-002-0*02 

2*62! 



28 




301-036-002 

2*63! 



29 




3-50-0-83-0 03 

2*^1 








2*63 

2*63 

0 

30 

Creatine, HjO 

0-0370 

1*0 

3*0(M>*.50-0 02 

2*48 

2*48 

0 

31 

0*0213 

1*0 

2*00-0*53-0-02 

1*45 

1-43 

hi *4 

32 

Creatinine, iH20J 

0*0127 

1*0 

105-O*(K)-O01 

1*()4 

1*04 

0 

33 

0-02.56 

1*0 

2-15 -0*00 0*02 

2*13 

2*10 

4 1*4 

34 


0-0221 

1*0 

1-85-0-00-0-02 

1 83 

1-82 

+ 0*5 

35 

Creatinine 

0-0221 

1*0 

1*86-0*004)02 

1*84 

1-82 

4 M 


-hNaCI 

0-050 






36 

Aminosuccinamic acid, 

) 0-0218 

1*0 

3*00-1 •504)-03 

1*47 

1*46 

t0*6 



Peptides and mixtures.}} 




37 

Glycylglycine 

2*50^ 

1*0 

2*61-0* 124)*02 

2*47 

2*50 

1*2 

38 

1-13§ 

1*0 

l*20-4)094)-01 

1*10) 



39 


1*0 

1*29-O*194).01 

1*09 r 



40 



1*0 

1*36 0*25 4)01 

MO) 








MO 

M3 

-2*7 

41 

Glutathione, specimen A 

1-00§ 

1*0 

1'104)*13 0*02 

0*95 

1*(X) 

- 5-0 

42 

1*00§ 

1*0 

MO-0* 10-0*02 

0*98 

1 * 0 ) 

- 2*0 

43 

specimen B 

um 

1*0 

M()_0.o8-002 

1*(X) 

1*00 

0 

44 

]-(K)§ 

1*0 

1*20-0-16 0*02 

1*00 

1-00 

0 

45 

specimen C 

M2§ 

1*0 

1-31-0-200-01 

MO 

M2 

- 1*8 

46 

0-91 § 

1*0 

MO4)494)01 

0*9fJ 

0-91 

- M 

47 

Glycylglycine 

2*46§ 

2*0 

402-01 9-0*03 

3*80 

3-79 

4 03 


+ glycyltryptophan 

l-33§ 






48 

Alanylglycylglyciue 

J*2l§ 

2*0 

2-77-0*39-0*02 

2*36 

2*34 

+ 0-9 


+ glycylcysteine 

M3§ 






49 

Glycylglycine 

M0§ 

4*0 

618-I-87-0 06 

4*25 

4*27 

- 0*5 


+ glycyltryptophan 

0-74 § 







-H alanylglycylglycinc 

1*40^ 








1*03§ 






50 

Glycine 

0-017911 

1*0 

2*50-0*02-002 

2*46 

2*39 

4 2*9 


+NaCl 

0-022311 






51 

Glycine 

0*0175(1 

1*0 

2*40-005~0*02 

2*33 

2*33 

0 


VNaCl 

0*CH15(i 


2*44-4)09-0*02 

2*33 

2*33 

0 


♦ a -Volume of 0*1 N perchloric acid added, ml.; 6 - Volume of 0*UV glycine needed in hack -titration, ml; 
c = Blank correction for given final volume, as ml, of 0-1 iV perchloric acid. 

t Several specimens of arginine examined titrated as though containing varying amounts of water, inter- 
mediate between anhydrous, monohydrate or dihydrate. 

t Results for this’ specimen agree better with theoretical values calculated for JHjO, rather than 1H,0 or 
anhydrous. 

I Amounts taken are expressed here in terms of ml of 0*1 iV solution. 1| mg. 


Additional comments m technique. 

Duplicate determirujiiioTis of end-point. To check the titration readings when* 
ever desired, a series of further additions of standard acid may be made from the 
burette and the end-point again determined after each addition, by further 
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back-titration with standard glycine (see, e,g, sarcosine, No. 26, Table I). (If 
the volume is increased considerably in this way, the “blank" must be corrected 
in proportion.) 

Colour standards. Where great precision is desired, the colour of the indicator 
at the end-point may be matched l)etween that of control solutions accurately 
adjusted to two or more given intermediate tints. 

Dired; titration of bases. Bases in general dissolve more readily than do 
ampholytes, and ther(»fore the estimation can be completed quickly by direct 
titration with perchloric acid to a straightforward end-point ; little is gained in 
such cases by back-titration with standard base (see, e.g. creatinine. Nos. 32-35, 
Table I). 

Exclusion of moisture. It is essential to keep the burettes and bottles con- 
taining the stock solutions stoppered to prevent access of moisture, which 
interferes with the sharpness of the end-ix)int. An unsatisfactory reading can 
in fact generally be attributed to the presence of moi.8ture. The standard glycine 
and N jx^rchloric acid appt^ar to keep almost indefinitely, and the dark brown 
colour of the latter must not be taken to indicate any deterioration of strength. 
(A specimen of th(‘ N pfjrchloric acid was examined after the lapse of 61 years 
and found to have retained its strength unimpaired.) 

Manage metU of burette. Experiem^e indicates that most accurate results are 
obtained when tiie tip of the burette is kept above the surface of the liquid 
which is being titraUnl, in order to prevent diffusion. As ea(^h fn»sh reading from 
the burette is made, the tip is touched on the side of the vessel just above the 
resting surface of the liquid which is being titrated, so as to remove quan- 
titatively the fraction of a drop expelled. Glacial acetic acid has this advantage 
as a solvent, that its surface-kuision is relatively low and hence it does not 
“cling" to the walls of the burette or other vessel. 

Alternative titrants and indicators. In a series of determinations, aniline in 
glacial acetic acid was used as an alteniative standard base for back- titration. 
It wa.s found to have the disadvantage of keeping less well than glycine. On the 
other hand iH’cause of its greater solubility it may be made up at greater strengths, 
and is therefore useful when micro-titrations with A' reagents ar<' desired (see 
Table V). 

Various other indicators wen* tried also as alternatives to brilliant cresyl 
blue, including dianisylacetone and triphenylcarbinol. It was thought that, 
theoretically, the use of an indicator with a value even low'^er than that of 
brilliant cresyl blue might sometimes l)e useful: but in practice 8iU‘h excellent 
results were obtained with the latter that there seemed little or no practical 
advantage in replacing it. 

Theoretical considerations. At the value approaching 0, taken as end- 
point in this method, all the amino-acids, as well as polypeptides and proteins, 
have their basic groups ionised as acid salts, whilst the ionisation of the acid 
(carboxyl or hydroxyl etc.) groups is repressed. Hence the end-point is adequate 
for €)stimation of basic groups withotit any danger of interference from the acid 
groups. Or, looking at the question from another angle, we may say that in 
glacial acetic acid the ampholyte is quantitatively (converted from zwitterion 
into its basic form. 

In general, it may be claimed that with the indicator chosen the method is 
suitable for the estimation of the weakest bases {Kj^ > 10~*'^) even in the presence 
of relatively “strong" organic acids (ir^< 10 ^ 2 )^ (The figures given in paren- 
thesis are applicable when the amounts of acid present are not grossly in excess : 
if very large excess of relatively strong acid is present, or the base to be estimated 
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is very weak, it is always j)ossible to increase the accuracy of the titration by 
a still further decrease in the value of the end-point.) 

Inorganic salts and mixtures. The presence of neutral inorganic salts {e,g, 
NaCl) does not appear to affcnit appreciably the accuracy of the method (see, 
e.g. Nos. 50 and 51, Table I). Mixtures of amino-acids and bases are estimated 
as correctly as are single substances (see, e.g. Nos. 47 and 49, Table I). 

Application to proteim. An effort was made to apply the principle of the 
method to the estimation of basic groups in proteins. Most of the experiments 
were carried out with powdt'red gelatin. The principal difficulties to be overcome 
were (1) to bring the protein into solution or, at any rate, to get it to react 
reasonably rapidly with tin* acid reagent ; and (2) to get the protein into a ‘‘dry ’’ 
state. Following a suggestion by Dr David Greenb<*rg, formic acid was also 
tried as a solvent for proteins ; but its use did not entirely obviate the objections 
referred to. As the technique* for proteins needs modifying considerably from 
that described here, details may be well postponed for a later papc?r. 


Sensitivene^9s of methoil. 

To determine the sharpness of the end-point the following ex|H!>riment8 
(Table II) were carried out with 0*1 iVT glycine, and with N aniline, each titrated 
against N perchloric acid. 

Table II. Determination of sensitivity of method. 


Solution 
Exp, taken for 
no. estimation 

1 5*0 ml, of 01 A’ 

glycine 


iJ 1*0 ml. of iV 
perchloric acid 


200 ml, of A" ani- 
line in glacial 
acetic acid 


Amount of brilliant 
cresyl blue indicator 
added 


0-2 ml, of 0*1 % 
aolution 


4 ml. of 01% 
solution 


Amounts of titrants 
added 


Titrated with 10 ml. of 
0*1 A" glycine. As 
end-point wa« ap- 
proached, colour was 
observed after each 
addition of 0*01 ml. : 
0*01 
0*02 
003 
0*04 
0*05 
0*06 

Titrated with 200 ml, 
of N perchloric acid. 
Then added by 0*02 
ml. increments 


Result 

Colour cliange was 
sharp to <0*01 ml. 
of 0*1 A glycine in 
back- titration 


Olive 

Olive-green 

Green 

Greenish blue 
Peacock-blue 
Deep blue 

Good colour change 
with addition of 
0*02 ml. 


0*05 ml. of 0*1% 
solution 


Added 0*51 ml. of A’ 
perchlori(5 acid. Then 
hack 'tit rated with 
0*1 A' glyeme 


It wiU be seen from Exp. 2 (Table II) that when 10 ml. of 0*1 iVT glycine are 
being titrated against N acid there is a well-pronounced colour change with the 
addition of each 0*01 to 0*02 ml. of the glycine ; or, in other words, the method 
is sensitive to one part in 1000 of the unknown. Now the sensitivity should 
increase in proportion to the strength of the solutions employed, and tliis 
was verified to be so in Exp. 3, in which N aniUnc was titrated against N 
perchloric acid, and it was found that the sensitiveness had increased to about 
1 part in 10,000. 
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Determinations of blank corrections^ \ 

For most of the determinations recorded an identical amount of indicator 
solution was taken; the magnitude of the small “blank correction” then 
depended virtually on the final dilution of the solution. (The indicator solution 
was so weak that the blank for the indicator itself was almost negligible.) The 
results in Table HI are typical of a number of experimental determinations of 
the blank correction. 


Table III. Blank correjctions — semi-niicro-scah. 


Solution taken 

1 ml, of 0-01 brilliant rresyl blue in glacial acjetic acid 
I ml. *4 1 ml. of glacial acf‘tic acid solvent 
1 ml. + 3 ml. of glacial acetic acid solvent 


Final Blank correction 
total in ml. of 0*1 N 

volume tKTchloric acid 

ml. solution 

1 0 005 

2 001 

4 002 


It will be seen that under the conditions of the “.semi-micro-test” the blank 
correction is about 1 % of the titre. 


Uses of method. 

As already indicak‘d the method is a c^onvenient one for estimating basic 
groups in isolat'd preparations of ampholytc^s or bases, and so, incidtmtally, for 
determining their combining weight, it has alrt'ady of use in this way in 
the characterisation of a number of substances whose stimcture was uncertain — 
e.g. glutathione [Harris, 1929, 2], vitamin Bj (unpublished results). A further 
use is in determining the degree of purity of materials. For example, supj)ostKily 
pure s}3t^cimens of the following substanw^s were found on test to give un- 
expectf^dly irregular titration ivsults by tliis method: when their purity was 
tested by other means it was found that the titration rt^sulis were correct and 
that the? s{K?cim(‘nH were in fact impure (Table IV). 

Table IV. 

defij’iciicy in basic strength 


As found in 


No. Sp(‘cimen titration 

1 Glycylcystcinc -17 

2 OlycylcynUum^ - 19 

3 Olycyltiyptophaii - 12*5 

4 Glycyltryptophan - 10-5 

5 Arginine - 7 


As chtH-ked by alternative method 

- 18 (formaldehyde titration) 

- 18 (formaldehyde titration) 

10 (N by combustion; formaldehyde titration) 
“ 10 (N by combustion; formaldehyde titration) 
8 (titration curve) 


The method seems less suitable for application to crude mixtures, such for 
example as the unfractionateii products derived from hydrolysis of proteins. In 
the first place the effect of various unspecific buffering substaruses (e.g. phos- 
phate, earlionate) would have to be allowed for ; st^condly. added mineral acid 
or alkali, as well as moistui'e, would also have to be taken into (ionsideration. 
Tlie method has, in fact, given somewhat irregular n'sults on several salts of 
amino-acids wliich have bwn tested. 


Micro-adaptation of method. 

It will be evident from the results already cited that the small departures 
from the theoretical values, as met with in the rather rough, or “mutine ” semi- 
micro-method described alK>ve, were not so much due to any inherent e^ror 
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in the method as to such commonplace causes as slight inaccuracies in the 
burettes or measuring vessels, in the strengths of the solutions, or to minor 
irregularities in manipulation and other such subjective variations. Theoretically 
the method is capable of being applied on a highly micro-scale, the only limit 
to set upon it, practically, being the dimension of the smallest volume of titrant 
which can be measured by burette and of the smallest volume of solution in which 
a colour change can be observed. As in all micro-chemical methods, the ideal 
procedure is to work with the smallest possible volumes of solution rather than 
to use unduly weak solutions. That is to say, the brunt must be thrown on the 
fineness of the measuring apparatus employed rather than on dilution of the 
reagents. The objection to the latter alternative is that each increase in dilution 
increase's the magnitude of the '‘blank’" and so diminishe^s the sharpness of the 
end-point. 

The micro-estimations referred to below (Table V) were taken to the nearest 
O OOl ml. They wen* carried out by a laboratory assistant who had no previous 
experience of the metlKxl and who receivcxl no supervision of any kind in 

Table V, M icro^applicaiion of method. 

Katimat.ions on 0-025 jV glycino solution, titrating to nearest 0-001 ml. 


ml. of 0-025 iV 
glycine taken 
(eon taming 

(KK)15% of 

brilliant 
cresyl blue) 

Vol. of 0-025 N perchloric 
acid Holution required 

Strength of glycine 

solution 

' 

Blank 
correction 
for given 
final volume 


rnoori. 

Corr. 

Found 

Mean 

value 

■ ' ' '1 

f> 

, e 

deviation 
from mean 

0-40 

0*430 

0*420 

0*415 

0*415 

0*425 

0*415 

(»*420 

0-420 







0-420 

0*013 

0*407 

0*0254 

0*0257 

- 12 

0-20 

0*218 

0*221 

0*206 

0-217 







0*216 

0*007 

0*209 

0*0261 

0*0257 

4-1*0 

0*10 

0*108 

0*111 

0*1 (X) 
0*105 







0*106 

0*003 

0*103 

0*0258 

0*0257 

+ 0*4 

0-05 

0*045 

0*055 

0*055 

0*053 

0*052 

0*001 

0051 

0*0255 

0*0257 

*-0*8 


carrying them out. They are not intended to show the limits of the micro- method ; 
but they do demonstrate that, even for a person with no special training, there 
is no difficulty in estimating quantities as small as 0*05 ml. of 0*025 solution, 
with an error not exceeding 1--2 % . The figures given are typical of many others 
that were obtained at the same time. 
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Sttmmary. 

1. It is known that the basic groups in amino-acids, or polypeptides etc.^ and 
in weak natural bases, cannot be estimated by a simple titration with HCl in 
water to a sharp end-point with a pj, colour indicator for the reason that the 
end-point is at a very acid reaction (about 0): a considerable “blank” is 
net^ded by the solvtiiit (the water itself*) to bring it to so acid a reaction, and 
there is no sudden fall iii to give a sharp colour change with the indicator. 

2. Theoretically this difficulty is overcome if tht^ titration is carried out in 
the entire absence of waitT. In tiie method described, glacial acetic acid is used 
as the solvent, perchloric acid in glacial acetic acid as the tilrant, brilliant cresyl 
blue as the indicator (colour change at about 0 in water) ; wliiLst glycine in 
glacial acTtic acid servijs as standard base solution for back-titration. The glacial 
a<*etic acid solvent itself needs no appre(*iabJe amount of titrant (t.e. blank 
correction) to bring it to the desired end-point. 

3. The estimation takes only a few moments to carry out. The dry sf)ccimen 
is dissolved in slight exwss of the perchloric acid solution, the indicator solution 
is added, and standard glycine run in from a bun^tte to give a sharp end-point. 
With the use of ordinary apparatus and without sjx‘cial precautions the error is 
no great(*r than 1 to 2% (^.<7. in estimations on 2 ml. of 0-liV solution). On a 
micro-scale 0 05 ml. of 0*025 solution may b(* estimated with no greater 
percxuitage error. The s(msitiv<mess of the (uid-point is such that a definite 
(colour change cxjciirs with the addition of 1 part in KXJO of unknown at 0*1 
dilution, or with 1 in 10, (KK) at A", in titrations against A^ standani acid. 

4. The meiliod has bo(*n successfully applied to all the better known amino- 
acids, and to a numlK^r of jKdy}x^ptides, natural bast\s etc. and to mixtures of 
these. 

5. The primipal uses of the method are (1) in detormiiiing the degree of 
purity of isolated sjK'cimens, (2) in characterising new or unknown substances 
and (3) in detcmiining their (xjuivalent (or molec ular) weights. The material to 
Ihj examined should Ix' free from mineral acid or alkali. 
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It is now recognised that the vitamin B c?omplex for rats contains at least three 
components. The position to date may be represented as follows:^ 


Vitamin B 


B. 

B* 


/ Lactoflavin 

B. 

^ . ? 


The relation of the human pellagra-preventive factor (P.-P.), as well as of the 
canine antiblaektongue factor, to these newly differentiated com})onents of tht* 
vitamin B 2 complex has remained for investigation and forms the subject of the 
present paper. 

Past work. 


“Vitamin B ” was first split into vitamin Bj (heat labile, antineuritic or anti- 
beribcri factor) and vitamin Bg . The latter by definition is “the more lioat-stable, 
water-soluble dietary factor recently described and named P.-P. (*i)ellagra- 
preventive’) factor by Goldberger, Wheeler, Lillie and Rogers [1926] and found 
necessary for maintenance of growth and hc^alth and prevention of characteristic 
skin lesions in rats, and considorc'd by the latter workers to be oonc*emed in the 
prevention of human pellagra ” (adopted by the Accessory Food Factors Com- 
mittee at a meeting on Nov. J4th, 1927). This distinction between the heat- 
labile and heat-stable fractions of the vitamin B complex is due mainly to the 
work of Goldberger, 

It was assumed by Goldberger and his associates [e,g, Goldberger and Lillie, 
1926; Goldberger et al., 1928, 1, 2] that the factor which presents the “pCillagra- 
like dermatitis” in the rat is identical with the factor which prevents pellagra in 
human beings (P.-P. factor) and aW) with the factor which prevents ‘‘Wack- 
tongue” in dogs. Goldberger s evidence, essentially, was of a similarity in the 
distribution and in the heat-stability of these factors, and also of the resemblance 
(superficially at least) of the lesions produced by their absence. 

^ The ‘‘vitamin B 4 ” of Reader is not included in this scheme. It appears that “vitamin B 4 
deficiency can be |)roduef>d only when the animal is first deprived of vitamin B, and that it ia 
cured whenever orystaiUiie vitamin B, is given in suificiently large dose. In other words “vitamin 
B 4 deficiency” has the appearance of chronic hypovitaminosis B,. As also it is described as a 
“heat-labile factor” it does not affect our present discussion. [For a discussion of “vitamin B4^' 
see further Kinnersley et al,. 1935.] 
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Later work however has made the position somewhat less clear-cut. Other 
mvestigators [Chick and Roscoe, 1928; Aykroyd and Roscoe, 1929] found un- 
expected difficulty in producing the so-called "‘pellagra-like” dermatitis in the 
rat with any degrees of regularity. They therefore used a method for estimating 
“vitamin B 2 ” which depends on the resumption of growth in young rats. For 
this test the basal vitamin B-free diet was supplemented with ‘‘Peters’s eluate” 
as the source of vitamin . Aykroyd [1930] used this method to compare the 
vitamin Bg activities of various cereals. He reached the surprising conclusion that 
while all cereals were relatively poor in “vitamin Bg” as so measured, maize was 
not in fact so deficient as were certain other cere'jals, namely millet and rice. Now 
the clinical literature indicates that pellagra is confined very largely to maize- 
eating communities, relatively few instances, and those in isolated cases only, 
having b<3cn observed where millet or rice is eat^n. Aykroyd was therefore 
sceptical of the theory that vitamin Bg deficiency — or at any rat(^ ‘ vitamin Bg” 
as measured by the rat-growth test — ^is the cause of pellagra. 

However, this objection of Aykroyd's has not been generally regarded as 
conclusive €^viden<*e again.st the theory that pellagra is a vitamin Bg deficiency. 
As he himself indicated, other alternative explanations might lie brought forward 
to acjcount for the kno\>VTi facts. For instance, the striking difference in the 
incidence of })ellagra on maize and rice diets might be explained by the circum- 
stance that millecl maize contains vitamin B, , wliilst polislud rice is completely 
devoid of this vitamin: Ijonce on a rice diet — so it might be argued — the subjeet 
would dcv^elop beriberi instead of jKdagra. Hence the maize eater would remain 
free from l>eriberi and so liable to fall a victim to x)ellagra. Secondly, the use of 
maize as a staple crop is gcuierally confined to areas where there is severe economic 
depression : thf*refor(» individuals in a maize area art*, less a>)le to supplement their 
diet with other foodstuffs, which may contain larger amounts of the P.-P. 
factor, but must rel>' almost oxclu8ivt»ly on this cereal as their principal 8our(‘e of 
food. Finally it must also be* rememl)ered that no yeast is used in the baking of 
maize bread, and thivS, at first sight, might account for the difference k^tween 
maize and other centals in rtdation to the incidence of pellagra. 

For these and other reasons it has still lieen generally acet^pted, even after 
Aykroyd’s work, that vitamin Bg deficiency is the primary cause of pellagra. It 
is iin}:)ortant at this |x)int to emphasise that carefully controlled clinical tests on 
liuman beings have shown that pellagra does clear up with dramatic rapidity 
and certainty when such sources of vitamin Bg as liver extract or yeast are ex- 
hibited, as small supplements to a ^>ellagra-producliig diet [see e,g, Ruffin and 
Smith, 1934J. 

The |X)8ition l)ecanie more complicated when it was showm by Gyorgy et cU. 
[1933; 1934] that vitamin Bg consists of two comjwnents, the water-soluble, 
yellow pigment lactoflavin and a “complementary factor”. It has been later 
establlslu^d [Gydrgy, 1934; 1935, 1 ; Chick et a/., 1935; Harris, 1935] that it is not 
lactoflavin but the “ cH>mpleraeniary factor” (vitamin B«) which protects rats 
against the so-called “pellagra-like “ dermatitis. Apparently the reason why the 
earlier workers had failed to produce symptoms of “ j)ellagra-iike ” dermatitis 
regularly in the rat was because they used “Peters's eluate” as a source of 
vitamin Bj : this is itself contaminated with the complementary factor. 

By general agreement the complementary factor is now known in this country 
as vitamin , and the tern vitamin Bg is retained for the whole of the more heat- 
stable part of the vitamin B complex — i,e, excluding vitamin , but including 
lactoflavin and vitamin [Gydrgy, 1935, 1 ; Chick et al., 1935; Harris, 1935]. 
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Objects of 'fyresent experiments. 

Our first object was to obtain evidence as to the identity or non-identity of 
vitamin and of lactofiavin, with the pellagra-preventive factor (P.-P.) of 
Goldberger. With this aim in view we have undertaken a survey of the distribu- 
tion of vitamin and of lactofiavin in various foodstuffs and compared the 
results with the known data concerning the distribution of the pellagra- preventive 
factor. 

The second main object of the present work was to compare the behaviour of 
different species when fed on the various “pellagra-producing”, “ blacktongue- 
producing”, or vitamin Bg-defi(*.ient diets. The purpose here was to determine 
whether one and the same factor was concerned in the production of bla<?ktongue, 
of ‘‘rat pellagra” and of various other symptoms which have been described. 

We have reached the conclusion that the P.-P. factor and the antiblack- 
tongue factor are distinct both from vitamin B^ (the “rat pellagra” factor) and 
also from lactofiavin (see also footnote, p. 2844). Whether the P.-P. factor is 
identical with the antiblacktonguo factor still remains for consideration. So far 
there seems no cogent evidcmce against their identity. 

Very reoently Elvelijcm and Koehn 1 1934; 193.5] have stated that lactofiavin does not possess 
** antipellagra ” activity for chickens. We have investigated also this »i8pect of the problem ; but 
whilst confirming some of the observations of Elvehjem and Koehn. we have been driven to the 
rather disturbing conclusion that the “<‘hiok pellagra” fa<?tor again is distinct from the “rat 
pellagra” factor, vitamin B^. 

Finally the anti-anaemia “extrinsic factor” of Castle and Strauss should be aUndeil to. it 
resembles “vitamin Bg” in being relatively heat-stable, and there is some similarity also in distri- 
bution [Strauss and Castle, 1933]. It has therefore sometimes l>een claimed that it is identical with 
vitamin Bg (or one of its major components). Until recently it seemed that conclusive evidence 
was lacking either one way or the other, but we believe it may now bi? stated with some degree of 
likelihood that the extrinsic factor is also different both from lactofiavin and from vitamin B^ . 

I. DlFFEBEl^TTATrON OF TKK P.-P. FACTOR FROM YTTAMIN B^ AND 

LACTOFLAVrN.^ 

As already hinted, our conclusion that the human P.-P. factor of Goldberger 
differs from vitamin B^j and lactofiavin i.s based largely on a comparison of their 
distribution in different foodstuffs, particularly in cereals, fish and liver extract. 

It has already been reported K^yorgy, 1935, 2] that fish, although it is known 
to be an active source of tlu^ human P.-P. factor {e,g. protective dost^ of CRrmed 
salmon :== 168 g. [Goldberger and Wheeler, 1929] or flaked camied haddock =a340g. 
[Wheeler, 1933]), is poor in lactofiavin. It still had U) be shown how vitamin B<, 
and lactofiavin are distributed in other natural foodstuffs, more esjiecially in 
maize (since this cereal is known to be deficient in the P.-P. factor), and, for the 
sake of comparison, in other cereals (which appear to contain more of the P.-P. 
factor). 

I. Vitamin and la^ctofiavin content of cereals. 

The methods for the estimation of vitamin and lactofiavin were those 
previously described by Gyorgy [1934 ; 1935, 2]. For the estimation of lactofiavin, 
the basal vitamin B-free diet was supplemented with crystalline (or highly 
purified) vitamin Bj (3 i.V. daily) plus vitamin (in the form of Peters's elua^ 
from baker's yeast: equivalent to 10 g. of fresh baker's yeast daily). For the 
estimation of vitamin B^ , vitamin Bj was similarly provided but supplemented in 
this instance with pure lactofiavin (lOy daily). 

^ A preliminary account of the main results in Part 1 has already been communieatad to the 
Biochemical Society [Birch and Gy Orgy, 1936, IJ. 
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The basal diet was as follows : 


Caseinogen AB “Glaxo” ... ... 18 

Rice starch 68 

Butter fat 9 

Salt mixture (B.D.H.) 4 

C5od-li ver oil . . . ... ... ... 1 


The values for vitamin B® are based chiefly on the curative effect against 
dermatitis. The values for lactoflavin were determined by means of the growth 
test, the skin symptoms being too irregular and frequently insufficiently obvious. 
The “rat day-dose”, taken as provisional unit, was defined as the minimum 
quantity of the substanc^e which would give rise to a gain in wt*ight of about 
10 g, per week for at least 4 weeks. 

For each product graded doses were tested, generally on three rats at each 
level. The values given represent averages. 


Table 1. Vitamin Be aiid lactoflavin in cereals. Summary. 

(For animal rewponses see Table II.) 


Wheat germ 

Lactotiavin. 

1 rat day-dose “ 
is contained in the 
following w'eight 
f)f fo<KlstufF 

10 

Rice polishings 

Vitamin . 

1 “ rat day-dose “ 
IS contained in the 
following w'eight 
of foodstuff 

K- 

01 

Wheat bran 

10 

Wheat germ 

0*2 

Pea meal 

20 

^\’heat bran 

0-3 

Oats (grotind) 

:{-o 

White maize 

0-5 

Yellow ntaize 

50 

Yellow' maize* 

0-75 (or k‘88) 

Kic(' polishings 

i (t 

Pea meal 

0*75 (or less) 

Whole wiieat 

>5-0 

Oats (ground) 

10 

Polislied ni'e 

>50 

Whole wheat 

If) 



Polished ru‘e 
“ Hominy grits” 

30 

3-0 


As will he swn (Tables I and 11), all cereals are relatively rich in vitamin B^: 
and maize in particular is one of the richest. The minimum curative dose of 
whole maize is no more tlian 0-5^>*75 g. 
per rat |)er day. The vitamin is not uni- 
forml}’^ distributed throughout the grain, 
but th(^ bran and the germ art^ the richest 
in it, the endosperm }X)orer. But even in 
the endosiH*rm of white maize (in ‘ * hominy 
grits ”) there appears to be an apprt^ciable 
amount of vitamin B^ , the minimum cura- 
tive dose lieing approximately 3g. daily. 

In contrast with vitamin B^ the lacto- 
fliavin content of cereals is found to he very 
low (Table I). Indeed, in all the cerf^als 
examined the lactoflavin and not vitamin 
Bii seems to be the limiting factor of the 
vitamin complex.Whilst the cereals are 
all vary poor in lactoflavin, wheat contains 
even less lactoflavin than does maize. As 
with vitamin B^thegermiBrioherinitthan 

is the endosperm. Rice polishings were found to be surprisingly poor in lactoflavin. 

An illustration of the poverty of cereals in lactoflavin is recorded in Fig. 1. 
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Time in w^jeks 


Fig. 1. Th« following supplements were given 
daily to a diet containing adequate vitamin 
Bj plus “Peters’s eluate" (for vitamin B*). 
At .4. 3 g. whole wheat. At 5 g. whole 
wheat. At 5 g. whole wheat 4 - lOy laoto- 
flaviti. 
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Table II. Te^ts on cereaU etc., for lactofiavin arid vitamin Bg . 

(For summary seo Table 1.) 

Tests for lacto- 

ilavin (vitamins Tests for vitamin (vitamin 



Daily amount 

Bj and Ba 
provided), 
Av. w'e4?kiy 
increase in 

and iactoflavin provided) 

r- 

Av. weekly 

increase in Healing of 


given 

weight 

weight 

specific 

Material fed 


J?- 

g- 

dermatitis 

Yellow maize (ground) 

50 

12 

17 

Yes 

3() 

8 

14 

Yes 


20 

5 

9 

Yes 


1-5 

4 

6 

Yes 


10 


7 

Yes 


0*75 

— 

6 

Yes 

White maize (ground) 

2*0 


8 

Yes 

10 


7 

Yes 


0-5 

— 

2 

Yes 

“Hominy grits” 

50 


10 

Ws 


— 

4 

Yes 


20 

— 

1 

No 


l-O 


.> 

No 

Whole wheat (ground) 

5-0 

0 


Yes 

3-0 

5 

12 


2-0 

2 

12 

Yes 


J‘5 

3 

K 

Yes 


10 


4 

Inconstant 

Wheat bran 

1-0 

9 


— 


0-5 

2 

9 

Yea 


0-3 


7 

Yes 

Wheat germ 

I'O 

9 

— 

— 

0-5 

7 

13 

Yea 


0-3 

— 

6 

Yes 


0 2 

— 

0 

Yes 


(M 

— 

0 

No 

Oats (ground) 

3-0 

10 



2-0 

5 

11 

Yes 


10 


5 

Yt^s 


0-5 

— 

— 2 

No 

Polished rice 

5-0 

1 

— 

— 


3-0 

I 

3 

Yes 


20 


2 

ln(?onstant 


1-0 

— 

-3 

No 

Rice polishings 

1-0 

4 

19 

Yes 


0-75 

4 

— 

— 


0-5 

3 

15 

Yes 


0-25 

2 

6 

Yes 


0-2 

— 

8 

Yob 


0-1 


3 

Yes 

Pea meal 

2-0 

11 






1-5 

— 

8 

Yes 


1-0 

5 

8 

Yob 


0-75 

— 

7 

Yes 

Black treacle molasses 

l-O 


7 

Yes 


0-5 


5 

Yes 


0-25 

— 

3 

Yes 

HiitHn and Smith’s 

3-0 

1 

11 

Yes 

pellagra-producing 

2-0 


9 

Yes 

diet for humans 

10 

— 

8 

Yes 

Elvehjera-Koohn diet 
for “chick pellagra” 

3-0 

1 

7 

Yes 

2-0 

0 

6 

Yes 


1*5 

— 

4 

Yes 


1-0 


3 

Inconstant 
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Here not even 5 g. of whole wheat were able to exert a significant growth- 
promoting action when supplemented with vitamin Bj and vitamin . The 
addition of lOy lactoflavin then gave rise to a marked increase in weight which 
continued for many weeks. 

C()mment, The above results furnish a further illustration of the erroneous 
conclusions which may he reached if the complex nature of vitamin B 2 is dis- 
regarded. Since the experiments of Aykroyd and Roscoe [1929] and of Aykroyd 
[1930] cereals have been commonly regarded as poor in vitamin Bg. As will now 
be seen this finding holds good only for lactoflavin, and not for the vitamin Bg 
component of the vitamin Bg complex. 

2. Vitamin and laciojiamn in variom foods. 

Further assays on a variety of foodstuffs illustrate once again that their 
vitamin Bg and lactoflavin contents b<‘ar no apparent relation to their reputed 
values as jx^llagra preventives (Tables III and 111 A). For example Eli Lilly 


Table III. Comparison of P.-P. value with vitamin and lactojiavin in 
^ various foods. 


Food 

Reputed P.-P. value, 
after Sc'brell 1 1034) 
(dose fed, g. shown 
in brackets) 

Lactoflavin dosi-*, 

J “rat day-dose" 
is contained in 
following weight 
of focxlstiiffs 
g* 

Vitamin B^ dose. 
1 "rat day-dose" 
is (‘ontained in 
following w'eight 
of foodstuflfs 

Dried veiiAt 

CorMl(l,%~30) 

0*1 -0-2 

01 0*2 

Liver, dried jiig 

M (64) 

— 

— 

Liver, ox, fiX'sh 

♦ ♦ — 

0-2 

0*8 

Liv(*r extract, Eli Lilly 

M (lO(0* 



Wheat germ 

„ (150) 

1*0 

0*2 

Salmon 

(168) 

>3-0 

0*5 

Beef, freah 

{2m 

3*0 

JO 

Chicktm 

(325) 

3*0 

10 

Milk, skim 

Fair («) 

10 ml. 

10 ml. 

Haildock 

,, (34tl) 

>3*0 

0-5 

Cosoinogen 

Slight. (85) 

>20 

>2 0 

Butter 

(135) 

>2*0 

>20 

Whole wheat 

(4(K)) 

> 5*0 

1*5 

Data, rolled 

None (400) 

30 

10 

Maize meal, whole white 

,, (450) 

50 

0*5 


* Expressed as weight of fresh liver. 
{a) --IJO ml. per kg. of l>ody weight. 


Table 111 A. Vitamin Bq and lactoflavin values of peMa^ra- and blacktongue- 

producing diets. 

Rat dose, g. per day 

f — ^ 

For vitamin Bg For lactoflavin 

Htmtan pellagra-producing diet 0*o >6*0 

(Hullin and Bmith) 

Canine blacktongue-producing diet 0*7 6*0 

(KKoada and Miller) 

‘‘Chick pellagra** diet 1-5 >6 0 

(Elvehjem and Koebn) 

liver extract (powder) No. 343, known to be one of the most highly potent of all 
antipellagra remedies (see below), contains relatively little vitamin whilst 
oereais and molasses which have little or no antipellagra activity are rich in 
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vitamin Bg. Or again, there is no more lactoflavin in fish, which is an active 
source of P.-P., than in cereals, which ore poor in it. 

These differences are perhaps made more convincing when expressed in 
figures. For example, it may be seen from Tabic 111 that with maize containing 
900 doses of vitamin there is no antipellagra action, whilst with liver extract 
containing less than 20 dost\s of vitamin Bg rapid cure results (see below). 

3. Direct clinical trials loith lactojUivin, 

We are allowed here to nder also to direct cUnioal trials carried out through 
the co-operation of our colleague Dr W. J. Dann at Duke University, North 
Carolina, which have confirmed the foregoing conclusions that the P.-P. factor 
is different from both lactoflavin and vitamin B^, Patients kept on the 
pellagra-producing basal diet”, under strictly controlled conditions (including 
regular exposure to light etc,)y failed to improve when lactoflavin was ad- 
ministered, but they recovered rapidly and dramatically when liver extract, or 
other concentrated source of the P.-P. factor, was administered [Dann, et al. 
1935]. As the basal diet itself contains maize and molasses, both rich in vitamin 
Bg , these results indicate' that neither this factor nor lactoflavin has antipellagra 
action for human beings.^ 

II. Maize in relation to the vitamin Bg complex and human pei^aora. 

It is apparent from the results described in Part I that the rat antidermatitis 
factor, vitamin B^ , is present in large amount in all the cereals examined, and 
particularly so in maize — i,e. in the “pellagra -producer” j)ar excellence. More- 
over the different dietaries used for the production of blacktongue in dogs, or 
pellagra in human beings (such as the diet of Ruffin and Smith), are also very rich 
in vitamin B^. (curative dose for rats = 1 g. per day or less) (Tables II and III A). 

It remains to be explained, therefore, how the theory came to be so generally 
adopted that the antidermatitis factor for the rat is identical with the P.-P. 
factor for human beings. We believe the explanation to be as follows. The theory 
had its origin in Goldberger's expf'riments in which dermatitis in rats was pro- 
duced by means of a synthetic diet which was supplemented not with whole maize 
but with an extract of maize made with cold alcohol. The latter appears to 
be deficient in vitamin B^. It has been found [Birch and Gydrgy, 1935, 2] that 
quantitative extraction of the vitamin from natural foodstuffs is only accom- 
plished with difficulty. Even with extraction with hot alcohol containing HCl low 
yields are obtained. It may be safely concluded therefore that when cold 
alcohol is used very little of the vitamin is extracted. Unfortunately Gold- 
berger does not appear to have attempted to use a diet containing whole maize 
(or milled maize), and this, as our experience indi crates, is actually effective in 
preventing or curing rat dermatitis. 

Later, when maize was examined by Aykroyd and Rosooe [1929] it was found 
to be a poor source of “vitamin B 2 ” — i.e. of the whole “vitamin Bg^^ complex 
as determined by grovsd;h tests. The explanation here, no doubt, is that there is 
httle lactoflavin in maize ; poor growth would therefore have resulted. As already 
indicated such experiments were merely measuring lactoflavin as the “limiting 
factor”. 

^ Simpson [19^15] has recently reported that a case of secondary pellagra following gastrectomy 
was partly improved by a vitamih Bj concentrate” from egg-white; since egg-white is deficient 
in vitamin Be [Gyorgy, 19S5, 2] this result might seem to furnish still further evidence of the 
difierentiation of the P.-P. factor from vitamin . 
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1 . Experiments with rents fed on maize diets. 

Further experiments were also undertaken to try and ascertain whether rats 
need the true antipellagra factor (human P.-P. factor) or the canine antiblack- 
tongue factor, i.e. in addition to vitamin Bq. In one test a group of 10 young 
rats was placed on the following diet, the components of which, judged by clinical 
experience, are deficient in the P.-P. factor: 

White maize 85 % 

Arachis oil 15 % 

Cod “liver oil ... ... 6 drops per rat per week 

This diet was supplemented with additional pure crystalline vitamin and 
lactoflavin. These additions were made to bij sure that any s3miptoms due to 
possible shortage of either of these factors should not obscure the hypothetical 
lesions due to the lack of the P.-P. (or antiblacktongue) factor. Since exposure 
to light apfKjars to play an important part in the production of the dermatitis 
amongst pellagrins, half of the group of rats was exposed under a quartz mercury- 
vapour lamp for half an hour each day.' 

The growth curves of this group of animals are shown in Fig. 2. It is seen that 
both the irradiated and the non -irradiated animals had subnormal growth rates. 
At the jx)int on the curve marked | (102 days from the Ix^ginning of the experi- 
ment) an addition of 10% of caseinogen was made to the diet and the maize 



Fi)z. 2. Growth ourvcK of rata fed on diet deficient in P.-P. factor. females; B, males. 
non -in-adiated animals. irradiated animals. Caseinogen given at | . 


reduced to 75%, At this time some of the animals htui begun to show bald 
patches and loss of fur together with a slight scurfy condition of the skin. With 
this addition of caseinogen however the growth rati' increased and the fur became 
almost normal again. It is thought therefore that these symptoms were probably 
duo to the lack of an esstmtial amino-acid, perhaps cystine or tryptophan. 
Subsequently the irradiated animals develoj)^ small brown scales on their 

^ Aykroyd [1930] had previously attempted without success to produce the pellagra-like 
dermatitis in rata by feeding a mause diet and submitting the animals to ultraviolet irradiation. 
His experiment ditlered from ours in that he fed Peters's eluate as a source of vitamin this 
might possibly contain the P.-P. factor. Also the period of irradiation was limited to 3 min. per 
day. Tho possibility therefore remained that with supplements of pure vitamin phts lactoflavin, 
md with the amount of irradiation increased some 10 times, symptoms due to the lack of the true 
F.*P« factOT might appear. 
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backs, and a whitish opacity was seen on the eyeballs, due apparently to the 
excessive irradiation with ultraviolet light. Nevertheless, characteristic skin 
lesions analogous to pellagra were not seen and diarrhoea, a characteristic 
symptom in pellagra, was absent.^ 

It appears therefore that rats do not need the P.-P. (or antiblacktongue) 
factor (or their needs are remarkably small), or, as with vitamin C, are able to 
synthesise it for themselves. Experiments are at present in progress on this last 

2. Absence of pellagra from rats fed on blacktongne or 
human j^eltagra-prodming diets, 

A further group of rats was fed on the diet given below (Goldberger diet), 
which is more closely based on that used by Goldberger eX at, [ 1928, 1 , 2] for the 
production of blacktongne in dogs, and which we ourselves have confirmed (see 
Part III) to be satisfactory for this purpose. All the rats throve on this diet 
(see Fig. 3), and remained free from skin lesions, although eventually their 



Fig. S. Growth curves of rat* fed on Goldberger blacktongne diet 
j)lu8 vitamin and lactoflavin. 

growth rates became subnormal. Further tests were also made with diets similar 
to those used for experimental work on jxjllagra in human lieings (see Ijelow) and 
with the same n^sult. 

Composition of pellagra-producing diets (after Muffin and Smith [1934]), 


Goldberger diet. 





g* 


Com meal 

229 

Cane sugar 

58 


Grits 

29 

Sweet potatoes 

92 


Corn starch 

:ir> 

Turnip greens 

21 


Wheat flour 
Hice 

137 

23 

Cabbage 

Coliards 

9 

13 


Cane syrup 

34 

Pork fat 

107 



Muffin and Smith diet. 




g- 



ml. 

Corn meal 

92 

Cod- liver oil 


90 

Cane sugar 

106 

Tomato juice 


45 

Flour 

111 

Iron ammonium citrate 


6 

Lard 

81 

Calcium gluconate 


6 

Ricje 

25 

Cheese 


60 

Field peas 

90 



Hominy grits 

61 




Fat salt pork 

60 





^ It appears that the irradiation had a beneficial effect on the animals, for in all oases the 
irradiated ones grew better than the nori-irradiatod. After 106 days the irradiation was stopped 
and the rats were* mated. Three out of the five does produced litters, the two not having litters 
being both from the non-irradiated group. Such a result suggests that the diet is not grossly 
deficient in any factor needed by the rat, although the young rats died shortly after birth. 
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III. Diffekbntiation of the “antiblaoktongite’* factor from 

VITAMfN Be AKD LACTOFLAVIN. 

The purpose of the experiments to be described in this section was to produce 
symptoms of blacktongue in dogs and test the curative and preventive actions of 
the known components of the vitamin Bg complex. 

] . Experiments mth Goldberger's blacMongue-producing diets. 

Diet. In the first (?xperiment 3 young bitches of about 6-7 kg. in weight were 
placed on a basal diet slightly modified from that of Goldberger et al. (1928, 1] 
and Rhoads and Miller [1935, 1]. 


White maize meal 600 

Dried pea meal 75 

‘'Glaxo’’ extractt‘d caseinogen (‘‘free from vitamin Bg’’) ... 90 

f)od -liver oil 28 

Cottonseed oil ... ... ... ... ... ... ... 45 

CaCOa 45 

NaCl 15 


As will he seen from the results givcm in Part I this diet is rich in vitamin B^ but 
contains only small quantities of laetoflavin. 

To prepare the diet, the maize m('aJ, the meal and the caseinogen were 
(‘ooked in a double saucepan for 2 hours and the other ingredients added subse- 
qinmtly. The died was olfertHi ad lib. About 1(K)- 200 g. were consumed by each 
dog ]a*r day. All dogs received a daily injection subcutaneously of HOi.f. of 
vitamin B^. This was givtn in the form of a highly active concentrate, free from 
la(!toflavin and vitamin B^j. We are indebtcHl to Messrs I. G. Farbenindustrie of 
Germany for their generosity in supplying this pre^paration. 

Experimental obsenHitions. One dog, kept as a jK)sitive control, w^as given 
autoclaved yeast, 10 % by weight of the diet. In contrast w ith the other animals, 
this one grew^ w'cll, remained in excellent health and had none of the charac- 
teristic symptoms. During the latter part of the ex]x?rimcnt an additional 
supplement of laetoflavin was provided with no apparent influence on the pro- 
gress of the animal, showing that the amount of laetoflavin in the added auto- 
claved yeast was already adequate. 

The two dogs on the unsupplemented blacktongue- producing diet lost weight 
rapidly, and becanu* emaciated and increasingly weak (see Fig. 4). After 76 days, 
incipient lesions were just distinguishable on tlieir tongues, in the form of trans- 
verse ridges on the upper surface. Laetoflavin w^as then administered, 30y per 
kg. l)ody weight per day, intraperitoneally. It faileti to protect the animals, for 
the loss in weight continued, diarrhoea developed, and the condition of the tongue 
quickly deteriorate<i. In another fortnight the tongues had l)ecorae markedly 
pale, the ridges across the surface were more pronounced and there was some 
atrophy at the edges. Excessive salivation was prominent in one dogA 

Cures with liver extract and fish. After the dogs had been 102 days on the 
experimental diet, one was treated with a supplement of 4 g. per day of Eli Lilly 
powdered liver extract No. 343 ( «= 100 g. fresh liver), and the other with 35 g. per 
day of fresh herring. In both dogs, the improvement was dramatic. They 

' Although the laotoflaviu clearly had no apeoific action against blacktongue” itjseems likely 
that it is a neoesaory component of the diet of the dog, as of the rat. Following its administration 
the dogs seemed more lively and alert and. the loss in weight leas steep. 
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immediately started gaming weight again, and already after 5 or ‘6 days the 
tongue showed some improvement; the general behaviour and appearance of the 
dogs changed from one of dejected apathy to normal liveliness. 



Fig. 4. Experiments with dogs on Goldberger blac-ktongiie diet. No. 1» positive^ control, received 
autoclaved yeast, 10 % of diet daily. Htarting from arro>\H marked B, ”, 80 of vitamin B, 
were given daily; from “ Lactoflavin 30y of lactollavin per kg. body weight were injected 
daily; at “Liver extract” (dog No. 2) 4 g. of Eli Lilly liver powder 343 ( “*100 g. fresh liver) 
daily; and at “Herring” (dog No. 3) 35 g. fresh herring daily. 

Second experiment. On the 114th day the curative supplements of liver 
extract and herring were discontinued. At once the animals tegan to lose weight 
again. They died on the 140th and 134th day resjiectively from the beginning 
of the tests. 

Blood counts. A few days from the end of the experiment determinations of 
haemoglobin and red blood cells were carried out by Dr M, A. Abbasy. His fuller 
results will form the subject of a later communication ; but it may be noted that 
pronounced anaemia was present in the animals suffering from blacktongue. 



Table IV. 

Haemoglobin value 

Ked blood cells 


<v 

/o 

per fil. 

Blacktongue 

40 

3,320,000 

Blacktongue 

35 

2,500<000 

5,200,000 

Positive control 

88 
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Post mortem findings. The two dogs which died under the influence of the 
deficient diet were examined by Dr J. R. M. Innes of the Institute of Animal 
Pathology, who stated that their condition conformed with that described for 
“blacktongue*' by Goldberger, and by Rhoads and Miller and others. 

Conclusions. It is apparent that the dogs lost weight and developed '‘black- 
tongue^*, with symptoms of diarrhoea, anaemia eic., on a diet containing 
relatively largo amounts of vitamin Bg. The addition of large quantities of 
lactoflavin was also unable to protect against the disease, whereas small amounts 
of autoclaved yeast, fresh fish or liver extract, containing relatively little addi- 
tional vitamin Bg or lactoflavin, prevented or cured the symptoms, (The calcu- 
lated amounts of vitamin Bg or lactoflavin in this basal diet and in the various 
supplements are shown in Table V.) It may be concluded that the “ blacktongue 
factor present in the autoelavcid yeast, in the liver extract and in the herring is 
distinct from lactoflavin or vitamin Bg . 


Table V. 


No. of rat units 

/ 


Basal diet alone (approximately 150 per day) 

„ lactoflavin 

„ + lactoflavin + 3.5 jr. herring per day 

„ lactoflavin 4 4 g. liver extract per day 

„ 4 lactoflavin + 10 aiitfKjlaved yeast 


Vitamin 
230 
230 
31X) 
240 
275 


Lactoflavin 

22 

50 

50 

100 

95 


Result 
(protection 
against 
blacktongue) 
No protection 

Protection 


2, Experiments on synthetic diets. 

So far as wo can tell from a study of the liti'rature, past workers who have 

used dogs for the study of blacktongue have usually restricted their attention to 

the use of “ natural*’ diets, and have apparently not succeeded in maintaining 

dogs satisfa<‘trOrily on “synthetic” diets. However, it seemc^d desirable, for 

scientifle accuracy, to attempt to work with the “synthetic* typ(* of diet, in 

order that the variems dietary components might be more accurately controlled 

and varicKl, Our (experiments indicates that this is in fact possible. Control dogs 

ferl on the “synthetic” diet pins 7 % of yeast throve normally (Figs. 5 and 0). 

The composition of the basal died- used throughout these experiments was as 

follows : / 1 

Cane eugar 


Extracted caseinogen 
Salt mixture 

Arachis oil 

Cod-liver oil 


67 

20 

3 

10 

20 ml. per day 


From tb€> earlier results it might be anticipated that this basal diet, even 
when supplemented with vitamin B^ plus lactoflavin, is still deficient in not one 
but in two factors — ^namely the “rat pellagra factor*’ (vitamin Bg) and the anti- 
blaehtongue factor* Former workers have wrongly assumed that these two are 
identical. Our supjK>8ition seems confirmed by the observations recorded in 
Fig. 7, Here a dog receiving vitamin Bj and lactoflavin was not cured when 
vitamin Bg was added in the form of maize (50 g. jjer day of cooked white maize 
meal), but was cured with the further addition of the antiblacktongue factor, 
given in the form of liver extract 343. Furtiher tests on other dogs (Figs. 8, 
9 and 10) uphold this view, namely that the dog is unable to thrive when 
given either of these supplements separately, but does so when tlie two are com* 
bined« That this result is quantitatively si^ficant — and is not due to the second 
supplement augmenttog the amount of vitamin Bg in the first supplement — is 
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seen from the contrasting vitamin values given in Table VI. The individual effects 
of deficiency of vitamin Be , lactoflavin and the antiblacktongue factor in the 
dog are still under investigation. 


Table Vr. 

Vitamin B* 


Antiblacktongue 

factor 


White maize meal, 50 g. per day 100 rat units 0 

Livor extract, No. 34S, 4 g. per day < 10 rat units -f + *f 

( 100 g. fresh liver) 


Comments. Observations by earlier workers have tended to suggest that the 
presence of maize is a nec(*ssary condition for the production of symptoms of 
blacktongue in dogs. (Many have supposed that maize contains a pellagra- 
producing, or blacktongue-producing, toxin [cf. Chick, 1933].) Recently Cowgill 
et ah 1 1934] have reported that on artificial vitamin Bg-deficicmt diets containing 
no maize the symptoms which develop are different from thost^ of blacktongue, 
being marked by stomatitis and glossitis: Zimmerman and Burack [1934] indeed 
suggest that ' blacktongue ”, as ordinarily observed, may be a multiple deficiency. 
The experimental results recorded in this section point to the following as a 
possible explanation of such observations: namely, that the addition of maize to 
the diet helps in the production of regular symptoms of blacktongue, not so 
much because of a toxin present in it, as because in its absence the dog may 
sometimes develop earlier vitamin Bg deficiency inst(»ad of blacktongue.^ 


IV. Observations with chickens and other species. 

The observations made in Parts l-III indicate that there are considerable 
differences between species in their need for the components of the vitamin Bg 
complex, the rat appearing to differ markedly from the dog or the human Ixung. 
It was thought advisable to pursue this aspect of the probhmi by ol)scrvations on 
a variety of other species. We wish here to record our observations on chickens, 
mice, rabbits and guinea-pigs. 


1. ''Chick pellagra"' of Elvehjem and Koehn, 

Elvehjem and Koehn [1934; 1935] recorded that chicks fed on the following 
diet: 


Maize meal 

580 

Middlings 

250 

Extracted caseinogen 

120 

Common salt 

10 

Calcium carbonate 

20 

Cod-liver oil 

2 


(the maize meal, middlings and extracted cascunogen arc heated in shallow 
trays at 100° for 144 hours) 


developed skin lesions (considered by them to be the analogue of human 
pellagra). The lesions were not cured by lactoflavin. We have confirmed the 
- A recently published preliminary note by Rhoads and Miller 11936, 2] states that rats do not 
develop vitamin Ba deficiency when fed on Goldberger diet. These authors postulate therefore that 
blacktongue is not due to a deficiency of “vitamin Ba”. This experinionUl observation with rats 
is independently confirmed in Part I. but our own results with dogs lead to a rather different 
summing up of the position : that is, that the antiblacktongue factor is found to be distinct ffOtn two 
known constituents of the vitamin B* complex, namely vitamin Bg and lactofiavin, but is to be 
regarded as an additional oonstitueiit of the vitamin complex, possibly identical with the human 

P.-P. factor. Bo far w© have been able to find no cogent evidence to distinguish the canine blaok* 
tongtto fiimtor from the human P.-P. factor. 
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findings of Elvehjem and Koehn that chicks fail to thrive on this diet and may 
develop skin lesions, especially around the beak (which however in our experiments 
were not very well marked). Loss in weight and skin symptoms are prevented 
when yeast is added to the diet, or if the diet is fed in an unheated condition 
Instead of after the heating process (see Fig. 11). In accordance with the 



Fig. 11. Chicks on various modiheations of Elvehjem- Koehn diet. In group I (heated E.K. diet), 
10 i.fr. of vitamin B, and SOy of lactoflavin were injected twice w’oekly. indicates 

incidence of dermatitis. Group II. Heated E.K. diet -i- 7% dried veast. Group III. Unheated 
E.K. diet. 


findings of Elvehjem and Koehn, lactoflavin had no effect on the symptoms. 
On the other hand we btdiev^e that the "chick pellagra’* factor of Elvehjem and 
Koehn is different from vitamin for we have found that rats fed on this diet 
remain free from any symptoms of vitamin deficiency, and in fact the diet 
outers rats suffering from vitamin Bg deficiency in doses of 1*5 g. per day (see 
Table II).i 

The nature of the defleieney (or deficiencies) in the diet of Elvehjem and 
Koehn seems for the moment uncertain. We have noted that rats fed on it show 
a subnormal growth rate and a premature flattening of the growth curve (Fig. 12) 
after a time, although, as remarked above, they remain free from the skin lesions 
of vitamin deficiency. This might appear to indicate a deficiency in the 
Elvehjom-Koehn diet of some additional factor which is needed by the rat and 
hence is presumably different from the P.-P. or antiblacktongue factor (which 
the rat appears able to dispense with or at any rate to require in only very 
minute amounts (Parts l-lll)). 

A further observation we have made is that chicks fed on Elvehjem- Koehn 
diet supplemented with yeast show a oomiition suggestive of anaemia, as judged 
by the strikingly pale condition of their combs. The anaemia-preventing factor 
concerned, therefore, as it is not contained in yeast, shoidd not perhaps be 
regarded as a component of the vitamin B* complex. When unheated Elvehjem- 
Koehn diet was fed the anaemia was found to be entirely prevented. 

* Binoe this whs prspsiisd for press Lepkovsky and Jukes have also published the con- 
okiaictti (reached by a quite different line of evidence from our own) that the Elvehjem-Koelm chick 
£sotor is distinot from the rat '' vitamin Q*\ 
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Fig. 12. Rate fed on Elvehj(‘m-Koehn “cliicken pellagra” diet with varioue modificaticma. 



Fig. 13. Mice fed on various vitamin B-deficient diets. (In groii|)8 11 and IV vitamin w'as given 
as 5 i.u. injected twice weekly and lactoHavin as 15y injecttHl twice weekly.) Group I. Gold- 
berger blacktonguo diet plm 7 % fresh dried yeast. Group II. Goldberger blacktongue diet 
plufi vitamin and lactoflavin. Group 111. Synthetic vitamin B-defioient diet pha 7 % freab 
dried yeast. Group IV. Synthetic vitamin B-deficient diet f vitamin + lactoflavin. 

2. Mice, 

Preliminary observations with mice show that they fail to grow and develop 
loss of hair with slight skin lesions when kept on a synthetic diet, supplemented 
with vitamin Bj plm lactoflavin (o i.u. and 15 y respectively, injected twice 
weekly). Addition of yeast improves their condition (Fig. 13). It is possible 
therefore that mice may prove a useful and convenient experimental species for 
the investigation of the vitamin Bg complex and further investigations are in 
progress. So far all mice fed on Goldberger’s blacktongue diet, on which rats are 
able to thrive, have lost weight and succumbed. 

3. Guinea-pigs and rabbits. 

Attempts to produce “ vitamin Bg” deficiency in rabbits or guinea-pigs, by 
the feeding of modified Ooldberger-blacktongue diets, or sjrnthetic diets, were 
unsuccessful, as the animals failed to eat sufficient quantities of food. 
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V. VlTAMm Be AS THE EAT ANTI-AOBODYNIA FACTOR, 

Pluvious workers have referred to the dermatitis seen in rats on vitamin Bg- 
deficient diets as being '"pellagra-like”. But, as has been pointed out above, 
this specific lesion is due to deficiency of vitamin B^ — a factor which is certainly 
different firom the antipellagra (P.-P.) factor of Goldberger. It would therefore 
be misleading to refer to the results of vitamin Bg deficiency, certainly in their 
dermatological aspects, as "pellagra-like”. Furthermore the "dermatitis” of 
vitamin Bg deficiency differs in its clinical picture from pellagra as seen in human 
beings. For instance it seems to have no relation to light sensitisation ; there is no 
association with diarrhoea, and there are other marked differences. On the other 
hand, it has certain very characteristic features of its own, involving chiefly the 
most peripheral parts of the body, such as the paws, the nose and the ears. The 
condition resembles a peculiar disease of infancy, known as "pink disease”. 
Swift’s dist^ase, or acrodynia. This latter term is appropriate as giving an 
accurate description of an outstanding feature of the disease, namely the localisa- 
tion of the most affected parts. 

This is not the first time that a possible connection has been discussed between 
pink disease and skin alterations produced experimentally in rats. Findlay and 
Stern [1929] emphasised the similarity between acrcKl^mia in man and certain 
pathological changes occurring in young rats fed on a diet rich in egg-white. On 
the other hand, Parsons [1931] and others have stressed the "pellagra-like” 
appearance of the condition prodiK^ed by the ‘egg-white injurj^” [Boas, 1927]. 

Our own observations lead to the conclusion that the "egg-white injury” is 
distinct from vitamin Bg deficiency. The most characteristic feature of vitamin 
Bg deficiency is that the earliest and most distinctive lesions appear on the peri- 
pheral parts of the body (ears and paws), whert^as in the "egg-white injury” the 
extremities arc* not necessarily affected. The factor, the deficiency of which is 
resjKmsible for the "egg-whit(' injury”, was termed “factor X” by Boas, and 
appeal's to corn^spoiid with " vitamin H” of Gyorgy. The latter has been differ- 
entiated from vitamin Bg and lactoflavin and has widely dissimilar chemical 
properties. For instance, vitamin Bg is basic, whilst vitamin H is an acid 
ampholyte. 

The characteristic acrod^mia type of abnormalities in rats has been seen only 
in vitamin Bg deficiency. We propose therefore to name this specific dermatitis 
rat acrodyma — without prejudice as to its identity or otherwise with human 
acrodynia. 

• VI. The extetnsic factor for pernicious anaemia. 

Beibn^ it was recognised that vitamin B* was complex in nature Straur s and 
CJastle hod reported [1932] that the extrinsic factor for jiemicious anaemia bore 
a resemblance to vitamin Bj both in its distribution in nature and also in its heat- 
stability. Strauss and Castle believed that the two substances might be identical. 
This latter conclusion was disputed by Wills and Naish [1933], but more recently 
Miller and Rhoads [1934] have given cogent reasons for questioning the validity 
of Wills’s proof, But now that two separate constituents of vitamin Bg have been 
characterised, as lactoflavin and vitamin Bg, the whole question demands 
reconsideration. 

A clue to the probable non-identity of the extrinsic factor with viUmin Bg or 
lactoflavin may be found in the work of Miller and Rhoads [1934]. These workers 
have found that two materials in particular serve as highly fwtent sources of 
extrinsic factor, namely egg-white and an acetone extract of rice polishings. Now 
egg-white is known to be deficient in vitamin Bg (Gyorgy, 1936, 2], and rice 

Biooiiem. 1935 xxtx 131 
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contains very meagre amounts of lactoflavin, and acetone extracts of it, no 
doubt, still less. Unless therefore it can be shown that other sources of the 
extrinsic factor are in fact active in much smaller doses than hitherto con- 
sidered likely, this finding of Rhoads and Miller seems to rule out the possibility 
of either vitamin Bg or lactoflavin being the extrinsic factor. 

The liver substance curative of pc^micious anaemia (which is held to be the^ 
result of the interaction of this extrinsic factor with the intrinsic factor of the 
gastric juice) clearly cannot be identical with any constituent of vitamin B 2 , 
since yeast, without previous digestion, is inactive [Cohn et al,, 1928 ; Strauss and 

Castle, 1932]. _ 

Discussion. 


The principal conclusions to l>e drawn from the experimental work described 
in Parts I to VI may now be given as follows. The human P.-P. factor is different 
both from the rat vitamin and from lactoflavin. The canine antiblacktongue 
factor is also different from vitamin B« and lactoflavin : it may be identical with the 
P.-P. factor. Human pellagra is a distinct condition from rat pellagra, and much 
past evidence based on their supposed identity must accordingly be abandoned. 
Perhaps the most striking evidence for the differentiation of vitamin B^ from 
P.-P. and the antiblacktongue factor is the finding that maize is so rich in 
vitamin Bg. 

The question which will now be raised is» What is the nutritional significance 
of vitamin Bg for human beings and for dogs ? Further work will have to 
undertaken to examine this problem. 

An objection which may possibly be advanced to our differentiation of the 
P.-P. and antiblacktongue factors from vitamin B^ is to suppose that the 
difference is merely one of degree' —/.c. that the factors are identical but that 
dogs and human beings merely need more than do rats. This criticism is immedi- 
ately answered by a study of Tables III A and V which show that blacktongiu* 
in dogs and pellagra in human beings are protlucod by diets extremely rich in 
vitamin Bg and are cured when suppk'ments are given containing no more than a 
slight trace of it. The same argument applies also to the differentiation of lacto- 
flavin from the human pellagra and canines blacktongue factor. 

It might be sugge.sted that perhaps the vitamin B^ in maize is readily ab- 
sorbed by a rat, but, for some reason, inaccessible to a human l>tung or to a dog. 
The^re is however no evidence to favour such a supposition ; on the contrary it 
may be pointed out that fish, from which vitamin Bg can bt^ recovered less 
readily by treatment with solvents, is a potent source of P.-P. (or antiblacktongue) 
factor, whilst maize, from which vitamin B^ is more readily dissolved, is deficient 
in P.-P. Moreover, treacle, which is rich in vitamin and contains it in an 
immediately soluble form, has no P.-P. activity (molasses being indeed a principal 
constituent of the human pellagra- j)roducing diet — “the three M’s'' — maize- 
meal, meat (=salt pork) and molasses). 

Finally allusion should be made to the commonly held view that pellagra is 
caused by a toxin assumed to be present in maize. It should be pointed out that, 
even if such a toxin be concerned in the production of peliagia, it is none the less 
apparent from the controlled clinical observations of Ruffin and Smith [1934] 
and others, that the lesions are readily cured by small amounts of a special 
substance — ^which therefore deserves the designation of the antipellagra vitamin 
or '‘P.-P factor" — ^a substance which is present in liver extract and certain 
other sources, and which as we have shown is distinct both fK)m the so-called *‘rat 
pellagra" factor (vitamin B®) and from lactoflavin — ^the two hitherto recognised 
constituents of the vitamin B^ complex. 
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Sttmmaby. 

I. The human pellagra-preventing (“P.-P."’) factor is different both from 
vitamin (hitherto called the ‘"rat pellagra” factor) and from lactoflavin, two 
known components of the vitamin Bg cx)mplex. 

There are marked differences in distribution. Thus, maize and molasses, 
which are known to be deficient in P.-P. are ricli sources of vitamin B<,, whilst 
liver powder “343” is rich in P.-P. but deficient in vitamin B^. Fish which is 
moderately rich in P.-P. is relatively doiicient in lactoflavin. Further data are 
given of the distribution of vitamin B^ and lactoflavin in various cereals ani 
other products and are contrasttKl with the known distribution of the P.-P. 
factor. 

Furthermore lactoflavin fed direct to human pellagrins |Dann ei al., 1935] 
ill controlled tests und<‘r standardised conditions failed to cure, whereas known 
sources of P.-P., such as liver extract etc., gave dramatic cures. The basal pellagra- 
producing diet used in these trials was itself rich in vitamin Bg, which again 
illustratfjs the difference between P.-P. and vitamin Bg. 

The P.-P. factor should therefore be n^garded as a third component of the 
vitamin Bg complex. 

J I . Rats were fed on known pellagra- producing diets identical with those used 
in clinical experiments, or based on diets actually consumed by pellagrins, and on 
blacktongue-producing diets. Such rats, ev^en altliough exposed to intensive 
irradiation remained free from symptoms of pellagra. On the other hand, rats 
suffering from vitamin Bg deficiency (misnamed ‘ rat pellagra”) were cured 
when these pellagra-producing diets wore fed, 

“Rat pellagra” tlnTcfore is not the analogue of human pellagra, but is a 
separate condition. Tlie mistaken identification of ‘rat pellagra” with human 
pellagra bad its origin in ('xperiments by Goldbergor, in which alcoholic extracts 
of maize (containing no vitamin Bg) were unfortunately used in the diet, in lieu 
of maize itself which is a potent source of vitamin Bg. 

Rats do not need the human F.-P. (or canine blacktongue) factor in any 
significant amount, or are able to syuthesi.se it. 

III. Dogs lost weight and developed ‘ blaektongue ” with symptoms in- 
cluding diarrhoea and anaemia when fed on a Goldberger maize diet containing 
large amounts of vitamin Bg . The a^ldition of lactoflavin had no curative action. 
Syrnjitoms were prevented or cured by the addition of supplements of autoclaved 
yeast, fn^sh fish (containing negligible lactoflavin), or Eli Lilly liver powder, 343 
(containing negligible vitamin Bg). 

It is therefore concliuhxl that the antiblacktonguo factor is different from 
lactoflavin or vitamin Bg . It may be identical with the human P.-P. factor, but 
evidence is so far not conclusive. 

Dogs kept on “synthetic ” diets containing vitamin B^ and lactoflavin, appear 
to need supplements of two further factors, one contain^ in maize (presumably 
vitamin BJ and one in liver extract (P.-P. or antiblacktongue factor). It is 
supposed that the addition of maize to the diet helps in the production of regular 
symptoms of blaektongue, not so much because of a toxin present in it, but 
because in its absence the dog may sometimes develop earlier vitamin Bg 
deficiency instead of blaektongue. 

IV. So-called “chicken pellagra” of Elvehjem and Koehn appears to be 
distinct from vitamin deficiency, and its relation to human {)eUagra and 
blaektongue is undecided. An anti-anaemia factor is destroyed in the method of 
preparation ^ the Elvehjem-Koehn diet. 
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Pteliminary observations on vitamin Bg-defioient mice are recorded. 

Guinea-pigs and rabbits appear unsuitable for work on vitamin Bg. 

V. Since vitamin B^ deficiency is most characteristically a disease of the 
extremities and the lesions are not truly “pellagra-like’*, it would be more 
appropriate to call vitamin B^ the “rat acrodynia factor”. 

VI. The extrinsic factor for j)emicious anaemia also apj)ears to be different 
from lactoflavin or vitamin Bg . 
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